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Stacej^ and \\ ebb (1948) These results arc m agreement ilh our o\ni ob^cr\ v 
tions (Dufrenoy and Pratt, mSa,b) to the efiect that bactenostat.c concentra- 
tions of penicillin fa\ or displacement of nbonucleic acid complexes (basophilic 
matenals) from the affected cells, and that the margin of the inhibition zone on 
assay plates coincides xxath the site of the threshold for inhibition of pho^pliata-^o 
activitj'' 


expfrimevts and results 

The techniques employed m the present uorh were csscntia!l\ as prc\iousI\ 
desenbed (Dufrenoy and Pratt, 1947) Brien>, assax plates seeded with up' 
propnate test organisms are either incubated oxcmight (IG hours) with penicillin 
or are preincubated for 3 hours without penicillin and then arc reincubatcd for 
a second penod of 3 hours w ith penicillin Reagents arc applied and obaerx ations 
are made at the conclusion of the incubation with the antibiotic The second 
method has the advantage of exposing cells to penicillin at the time when the> 
are most reactive to the antibiotic (beginning of log phase) and of proxidmg for 
study cells most suitable for cytological observations (Pratt and Dufrenox, 
1947a,li) 

TlTien assay plates are flooded with a 0 1 per cent solution of triphcniltct- 
razolium chloride, the zones of inhibition promptly become outlined bj a red 
nng, demonstrating the sites of enhanced reducing actixuty Later the colonies 
in the areas of the plate unaffected by penicillin become pink, ns prex louslj re- 
ported (Dufrenoy and Pratt, 1918a) 

\Mien assay plates are gently flooded with a 0 1 per cent solution of trypan 
blue (Allied Chemical and Dye Corporation lot no 1G959G) in a 0 1 molar 
solution of KH;P 04 for 5 minutes, then arc nnsed succcssixclx witli portions 
of the phosphate buffer until no more color is remox'cd, and finally are nnsed 
xnth methylal followed by acetone, the dye is retained only in a ring that com- 
pnses the areas of enhanced growi-h and the outer regions of the zones of inhiln- 
tion The oxmrlapping of staining with trypan blue beyond the inhibition zone 
and into the region of enlianced growth which stains red with TPT xxas demon- 
strated by treating plates first xxith TPT and then witli trjpan blue M icro- 
scopicallx the areas of such double staining (regions of enhanced growth) ap 
peared purplish IMicroscopic examination rexealed the regions of enhanerd 
groxxlh as densely populated with red colonics on the unstained igir Blue 
inclusions xxothin each cell of Staphylococcus aureus stood out m slurp eontrtst 
to the general red background of the colonj as a xxholc This is repre entrd in 
schematized form in figure 1 The diagram at the left sfiov the m icro-eopic 
distribution of areas in which tnplienxltctrazolium chlonde wes reduufi (ero-^ 
hatched) and trx-pan blue was absorbed (stippled) The zone of inhibition u 
circumsenbed and slnrplx outlined bx the nng of cnlunced growth (irei of 
liigh reducing actixitx) xxhicli is crossliatelicd in the dugrim 

The diagrams at the nght arc schematized repre ent ition- of tli' micro top > 
aspects of the colonics and organisms m thrrc reprc-ciu itixc conn ntrie . rr u 
about a cxhnder from which penicillin had diffu-cd In the o dugrirn- t i' 
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ANTIBRUCELLA FACTOR IN PEPTONES 
V T SCIIUHARDT, L J RODE, J W FOSTER, and GLENDA OGLESBY 


The Bruccllotts Research Ijaboralory of the Clayton Foundation and the Department of 
Bacteriology, The Unncrsity of Texas, Austin, Texas 

Received for publication August 30, 1948 

The inhibition of biclcrnl growth by liquid media containing hydrolytic 
products of proteins lias been described by a number of workers McLeod and 
his colleagues (Mcljcod and Wyon, 1921, Wymn, 1923, Wyon and McLeod, 1923, 
Gordon and McLeod, 192G, McLeod, Wheatley', and Phclon, 1927) showed that 
peptones and certain ammo acids tend to inhibit the growth of many bacteria 
and that serum tends to overcome this inhibition Oxidizing agents, either 
added to peptone media or produced in the media, have been shown to inhibit 
vanous bacteria selectively (Novy and Freer, 1902, Burnet, 1927, Dubos, 1929a, 
b,c, 1930, McLeod, 1930, Braun, 1931, Braun and Guggenheim, 1932, Wnght, 
1929, 1933) Most of these authors have attnbuted such inhibition to the 
establishment and maintenance of redox potentials unsuitable for grow th of the 
test bactena Wnght, how ever, is inclined to disagree with the redox potential 
hypothesis and to attnbute inhibition of growth to the oxidation of certain eon- 
stituents of the peptone that, in the oxidized form, are toxic to certain bactena 
He believes that blood, serum, and meat and yeast extracts exert their beneficial 
effect on the bactenological media by' x'lrtue of their eapacity to reduce toxic, 
oxidized constituents of peptones He noted that thiogly'cohc acid and glucose 
exert stimulatory effects upon the grovv'th of the pneumococcus This enhance- 
ment of meat infusion media by glucose for the cultivation of pneumococci and 
streptococci was noted by Mueller (1922a, 6) and others, but such enhancement 
was not explained in terms of the neutralization of toxic components of the 
medium 

Wright (1933) expressed the opinion that the beneficial effect of blood on 
cultures of Hemophilus spp might be due to the neutrahzation of inhibitory 
substances m the peptone rather than the provision of essential growth factors 
This prediction seems to be substantiated by the work of Pollock (1947), who 
found that the growth-promoting power of whole blood for Hemophilus pertussis 
could be replaced by purified albumm, by activated charcoal, or by starch 
Pollock IS mchned to attnbute the toxicity of the culture medium to fatty acids 
m the peptone He found activated charcoal to be just as effective as whole 
blood m promoting the growth of H pertussis when the former was mcoiporated 
m the medium dunng the growth of the orgamsm However, the charcoal was 
not capable of removmg the toxic substance from the liquid medium when the 
“nont” was removed by centnfugation or filtration prior to moculation 

A number of authors have correlated the toxicity of peptones with the size 
of the test moculum This observation fits well mto both the redox potential 
hypothesis and the oxidized substances concept of the nature of the inhibition 
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of gro^slh ^ The only mention of the inhibition of Bnicrlla spp bj peptone Iirof h 
IS that of nght (1933), whose obsenations were based on the size of the inoetih 
tested He found that Brucella mcblcnsis would grm\ from an inoculum of 
0 1 ml of a 10-5 dilution m a medium m which the peptone was added to a heart 
mfusion before heating, whereas an inoculum of 0 1 ml of a lO*^ dilution failed 
to grow m the same medium when the peptone was added m the con%cntional 
manner after removal of the heat-coagulable proteins of the heart infusion 
He attnbuted the gro^vth in the former medium to the reduction of toxic sub- 
stances in the peptone by the heart infusion proteins before and during licit 
coagulation 

In the course of an e\-penment to determine the in itfro effect of sulfonamide-, 
on Brucella abortus, using small inocula m Difeo trjptose broth, we encountered 
failure to obtam growth m the control tubes TMien a repetition of the experiment 
resulted in a smular failure of growth in the controls and dilution plates showed 
the presence of at least 400 to 400,000 liable organisms in the inocula ii'^cd, wo 
decided to attempt to determine the nature of the inadequacy of the tryptoso 
broth for the culture of B abortus 

EXPERIMEVrXL RESULTS 

Demonstration of the anttbrucella factor in peptones In our prchminarj experi- 
ments, tubes containing 10 ml of a 2 per cent aqueous solution of tryptoso, or 
other peptone, adjusted to pH 7 0 were inoculated wath 0 1-ml amounts of un 
diluted and decimal dilutions (through 10“’) of a 4S-hour broth culture of B 
abortus The tubes were incubated m appropnatc CO. onxironmcnts at 37 C 
and were examined for nsible growth at 2, 3, and 5 days Negatuc tube-, fre- 
quently were incubated for 15 days or longer wathoiit dex eloping xisiblo growth 
Table 1 gix es a tyincal result wath a toxic tryptoso preparation, the same tr\ ptoso 
after the addition of 2 per cent agar, and a nontoxic tryptoso broth Ihcso 
results indicate an antibrucella property of the toxic trypto=c capable of inhibit- 
ing growth of at least 100 rmlhon times the number of B abortus cclK that will 
grow in nontoxac tryptoso broth Also, the results show the capacitx of 2 per 
cent agar to neutralize the antibrucella faetor in toxic trxptose Three of 10 
lots of Difco tryptose so tested and 9 of 10 lots of Difco peptone were found to 
inhibit all but tiie undiluted or the lO"' dilution inocula Other peptones tc.,ted 
ranged from nontoxic to toxic in x ary mg degrees as indicated by the size of the 
mocula inhibited 

Table 2 gixes the results of an experiment to determine the toxinty of the 
tryptose factor for xanous cultures of the three Brucella species Thirl ein cul- 
tures of B abortus, including an ax irulent, acclimated strain, x irulcnt, acflirn itcd 
strains, and xarulent, CO.-requinng strains, were inhibited in all but th-- tub^^ 
receixma the one or two l’rge=t inocula Ti o of four culture- of Br irrlln ru i 
were equallx inhibited, whereas all of four cultures of B mditm^s pro cd more 
resistant Sinale ciiltur&= of Psnidomonas jluore-rj-ns, hrrralia rrn-c r. -- 
Salmonella typhosa, Staphylococcus albu«, and Strep'oeorru^ mlvarv,^ m no‘ 
mhibited by the toxic tryptose at anx lex el of the moeub te-ted Tn^ cnti- 
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brucella factor in the only lot of Difco peptone tested proved more uniformly 
lo\ic to B sms and B vichlcnsis than did the tryptose factor 
To determine whether the inhibitory action of the tryptose is brucellacidal or 
bruccllaslntic, 0 5 ml of a 10~® dilution of a 48-hour broth culture of B ahorlus 

TABLE 1 


Inhtbitoni achon of toxic Irifplosc on D abortus 1SB7 and the effect of S per cent agar on the 

antibruccUa factor 


XSOCULA 

TOXIC TRYTTOSE SSOTTt 

i 

I TOXIC THYTTOSn TLOS 2 
' rrsenUTAOAB 

1 

NOKTOXIC TRYPTOSE BROTH 

0 1 ml of ft 48 hour broth 

2 

3 

S 

2 

3 

5 

2 

3 

5 

culture 
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da>s 
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-i- = growth, — = no growth 


TABLE 2 


The effect of the toxic tryptose factor on bruccllae 


INOCTTLA 

B ABORTUS 

B SUIS 

B HEUTENSIS 

0 1 ml of a 48 hour 
broth culture 

Acclimated 

1 COi requiring 

295 

1049 

1257 

1281 

1293 

1278 

1269 

1279 

7a 

3003 

3015 

3018 

VI 

1722 

409 

492 
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2459 

2462 

2446 
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4- 4- 4- 4- 

-f 4- -k 4- 
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“ “ + + 
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4- -k -k -k 
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4- 

+ ”■ + "" 
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— — — — 

4- 4- 

4- 


Growth results recorded for the 6-day reading only 


was moculated into flasks containing 50 ml each of (a) 2 per cent toxic tryptose, 
(b) 2 per cent nontoxic tryptose, and (c) physiological saline The flasks were 
incubated at 37 C and plate counts were made on each flask immediately after 
inoculation and at intervals up to 80 hours Table 3 gives the results of this 
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test, -nhich indicate that the anlibrucella factor in trjptosc is dcfinitch bniccl- 
Jacidal 

Ne-ulTcdization of toxicity of peptone Follovsnng the observation tint Difeo 
agar in concentrations above0 2 per cent would reverse the antibrucelia acli\ itv 
of the to'uc peptones, we conducted a ‘;earch for other ncutralinng agents Crude 
aqueous e\tracts, approMmating 20 per cent wet w'eight, were prcp'arccj from all 
available fresh fruits and vegetables, agar, lean beef, and In or After the pll 
w'as adjusted to 7 0, varying dilutions of these extracts were added to tubes of 2 
per cent toxic tryptose broth Additional tubes of the toxic broth rcccncd 10 
per cent beef serum, 0 5 and 1 0 per cent starch, 0 5 and 1 0 per cent gliicooo, 2 
per cent com steep liquor, 0 5 per cent vitamin-frec casein, 0 5 per cent “cas- 
amino acids,” the ash equivalent of 2 per cent agar, and various mineral and B 
vitamm supplements In every instance except the 10 per cent serum the toxic 


TABLE 3 


Brucdlacidal action of toxic tryptose on B abortus JS57 


INCUBATIOV PE5I0D 

riATT COUNTS VZi. UL 

Tone tryptose 

Nontoxjc tryptose 

S&hne 

hours 




0 

400 

336 

50} 

2 

256 

656 

381 

G 

, 128 

TNTC 

336 

8 

101 

TN'TC 

378 

24 

2 

TNTC 

1 TNTC 

32 

1 

TNTC 

1 TNTC 

48 

0 

Confluent growth 

TNTC 

56 

0 

Confluent growth 

TNTC 

72 

0 

Confluent growth 

TNTC 

80 1 

0 

Confluent growth 

TNTC 


TNTC = coloiues too numerous to count 


tryptose was autoclaved after the addition of the supplement The-'O tubes 
and controls of the toxic trjptose broth were each inoculated with 0 1 ml of a 
10~- dilution of a 4S-hour broth culture of B abortus The controls showed no 
growth 

No evidence of detoxnfication was observed in the tubes receiving the v it imin-, 
or mineral supplements, the casamino acids, the starch, or the agar a-^h 1 lie 
toxicity was neutralized, at least to the extent tested, bj serum, gliico c, co. nn, 
com steep hquor. In er extract, beef and agar extracts, and bj a number of the 
fresh fmit and vegetable extracts In subsequent experiments various to'ie 
peptones (2 per cent) were neutralized bj minimum glucose conrcntritions 
rangmg from 0 05 per cent to 0 5 per cent The glucose neutralization o^ ei,-rcd 
only when the sugar was heat-stenlized in the medium, not when addl’d a rp 
ticallj or when hltered The toxicitv gradualiv returned when th» g,w-> > 
broth was allowed to stand after stenhzation Detoafi''ation o the p"p onr , 
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In A inoiis other reducing agents, including thio-ucids, has been obsen'ed and 
Rill be reported in detail in n subsequent paper 

Chamcnl properties and attempts to purify the toxic factor in peptone Exposure 
of a toxic 2 per cent ti-jqitosc broth to a pH of 10 0 at room temperature for 4 to 
7 hours r&sultcd in a slight reduction of the toxicity, exposure for 48 hours re- 
sulted in a marked reduction in toxicity Autoclaving such broth for 10 minutes 
at 121 C at pH 3 0 or 7 0 liad no effect on the toxicity Autoclaving at pH 8 0 
had a xerj ’’light ctTcct, vhercas autoclaxing at pH 9 0 to 10 0 resulted in com- 
plete detoxification 

Three ihquots of 2 per cent toxic tryptose iicre adjusted to pH 3 0, 7 0, and 
10 0, and 1 per cent norit i\ as added to each After a 30-minute shaking at room 
temperature, the norit i\as rcmoied bj" filtration and the adsorbed brotlos were 
adjusted to pH 7 0 and tested for residual toxicitj’’ Aliquots treated wath 
charcoal at pH 3 0 and 10 0 vere completely detoxified, whereas the aliquot 
treated at pH 7 0 v as incompletely detoxified Subsequently, 0 4 per cent 
nont vas established as the minimum concentration capable of removing all 
toxicitx from 2 per cent toxic lr 3 ’ptoso at a pH of 2 5, however, some destruction 
of peptone loxicitj’ was noted at pH levels below 3 0 Therefore, for maximum 
rccoA erj' of the toxic factor from 2 per cent peptone by nont adsorption, the use 
of 0 G to 1 0 per cent concentrations of the charcoal at pH levels above 3 0 is 
dcsinble 

After establishing the capacity of nont to adsorb the antibrucella factor from 
aqueous solutions of toxic peptones, W'e began a search for a suitable solvent to 
elute the factor from the charcoal Buffered aqueous solutions at various pH 
leiels, ethyl alcohol, methyl alcohol, ethyl ether, chloroform, and acetone at 
room temperature and at boiling temperatures failed to elute the toxic factor 
from nont Since these failures could be due to destruction of the antibrucella 
factor rather than to failure to elute, we decided to determine whether or not 
these and other organic solvents would remove the factor from toxic tryptose 

Samples of toxic tryptose powder xvere subjected to contmuous hot exiiraction 
m a Soxhlet apparatus for 15 hours by ethyl ether, ethyl alcohol, methyl alcohol, 
chloroform, acetone, benzene, and p 3 mdme After ex-traction, the tryptose was 
freed of all residual solvent and was employed in a 2 per cent concentration for 
the preparation of tryptose broth The seven extracted tiyptose broths and an 
unextracted control were then tested for toxicity by the decimal dilution inocula 
method Table 4 records the 5-day groivth results of this experiment, which 
indicate that, although a trace of the toxic factor was removed by ethyl and 
methyl alcohols, only p 3 mdine of the solvents tested removed aU of the toxic 
factor from the tryptose 

Subsequently, pyndine proved effective in eluting the antibrucella factor from 
nont, and the eluate from both tryptose and peptone, after elinunation of the 
pjmdine and solution of the concentrate in water, proved toxic when added m 
var 3 ung dilutions to nontoxic tiyptose broth or to nontoxic “N-Z-case” (Shef- 
field Farms Company) broth 

This successful concentration of the toxic tr 3 q)tose and peptone factors neces- 
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sitated the development of a quantitatne assaj tcclmiqiie tint might bo u^od 
to determine progress m studies directed at further concentration and po^Mhlo 
punfication of the factor Consequcnth , wo estiblished an arbitriri ABF 
unit (antibrucella factor) as follons 

The ABF unit is the number of milligrams of to\ic mntcnal per ml of assai rncflium 
required to inhibit visible grow th for -IS hours at 37 C from a 0 1 ml inoculum of a 
10 * dilution of a 48-hour broth culture of B ahoHus 1257 The nssaj medium is 
0 5 per cent N-Z-case broth at pH 7 0 

By this techmque, the single toxic trj^ptose tested ga\e an ABF unit \nluc of 
5 mg Eight of the nine lots of toxic peptone ranged m ABF unit \ dues from 4 
mg to 11 mg The ninth lot gave an ABF unit value greater than 20 mg Since 
the latter peptone alone at 2 per cent concentrations had proved toxic for B 
abortus, it became apparent that our assay medium vas exerting some ncutraliz- 


TABLE 4 


Effect of Soxhlet extraction with various solvents upon the toxicilij of trijptose for B abortus 


INOCITLA 

GROWTH IN BROTHS BREPARiD TROU TRVPTOSt KXTRACITD WITH \ ARlOUS BOL\T JTS 
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Growth results recorded for 5 day reading only 


mg tendency on the antibrucella factor of that peptone This obscnation was 
confirmed by showing that increasing concentrations of N-Z-ca'-e would ncii 
trahze correspondingly larger amounts of the antibrucclla factor In spite of 
this ABF neutralization by some, as yet unknown, constituent of a nontoxir 
peptone, the quantitative assay has prmed xaluablc in our concentr ition 

studies 

To date, we have been able to concentrate the antibrucclla factor from tr\ pio c 
a maximum of 60-fold, from an ABF unit of 5 mg to an ABF unit of 0 08 rng 
The peptone factor has been more resistant to concentration, and is jet wc h i\f 
succeeded m concentrating tins factor onh to an ABF unit of 0 33 mg I nort^ 
at concentration so far ha\e utilized Indrochlonc acid and pho.pliotung-tu ind 
precipitations, selectnc precipitation, bx xanou. xolumc. of 
acetate, ethxl ether, ethxl alcohol, methx I alcohol, and ri-biitx alcohol , 

haxe tned sclectne adsorptions xxT.h aluminum ovidc ind xanou. s nth 
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resins Tlic licst results obl'iincd so fai utilirc norit adsorption, pyndine elution, 
precipit Uion of the ictnc fictoi fiom the pyiidine with 10 volumes of ethyl 
ether, and the solution of the ether piccipitalc in watci 
General impressions g lined fiom the purifiention studies of the antibrucella 
fielor lead us to conclude that we aie dealing with an amphoteric substance, 
cither present m iclatncly laigc amounts m the peptone or piesent m association 
with neutralizing substances that accompany the to\ic factor through the pun- 
ficition process The evidence leads us to suspect oxidized polypeptides or 
ammo acids as the toxic factors, and experiments designed to test this supposition 
arc in progress and have yielded some confirmatory evidence 

BUMMARl 

An antibmcella factor has been found in certain lots of Difco tryptose that 
proved to bo unifoimly bruccllacidal to relatively large inocula of each of 13 
cultures of Brucella abortus tested Brucella sms and Brucella mehicnsis cultures 
exhibited varying degrees of susceptibiht}’^ to the toxic tryptose factor A 
similar, if not identical, factor has been found in most samples of Difco peptone 
tested The antibrucella factoi can be adsorbed fiora aqueous solutions of the 
peptones b}' “norit ” It can also be extracted from the dry peptones or eluted 
from norit by pyridine Ethyl ether will precipitate the factor from pyndine 
A GO-fold concentration of the factor has been accomplished by these methods 
The antibrucella factor appears to be an amphoteric compound either present 
in the peptones in large amounts or piesent in association wotli neutralizmg sub- 
stances that accompan}’’ the toxic factor through the purification process Oxid- 
ized poljqieptides oi amino acids are suspected as the toxic agents 
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In a previous paper discussion was focused on the interference of penicillin 
wath H transfer, although it was pointed out that phosphorylation and dephos- 
phorj'lation resulting from the transfer of PO< are fundamentally as important 
as hydrogenation (Pratt and Dufrenoy, 1948) This paper describes the con- 
comitant use of tnphen 3 dtctrazohum chloride (TPT), which deposits as a red 
formazan at sites of high reducing activitj’’ (Lakon, 1912, Cottrell, 1947, Mattson 
cl al , 1947, Porter cl al , 1947, Dufreno 3 ’- and Pratt, 1948c, Pratt el al , 1948, 
Straus cl al , 1948, Waugh, 1948), and of trypan blue, which was used success- 
fully m c 3 ’'tochemistry by McVTiorter (1941) Under proper conditions of pH, 
tr 3 TDan blue is relatn ely insensitive to reduction but specifically stains ribonucleic 
mclusions 

Evidence published dunng the last 3 'ear points significantly to the mvolvement 
of nucleic acid fractions of susceptible bacteria m their response to pemcilhn 
Pandalai and George (1947) developed their hypothesis of the mode of action of 
penicillin from the observation that “nucleic acid is strongly antagomstic to the 
bacteriostatic action of pemcillin ” This observation was confirmed by Faguet 
(1948) Perhaps more significant still are the results presented by Krampitz 
and Workman (1947), even though they w'ere obtained with concentrations of 
pemcillm far m excess of the levels attamed climcally These authors observed 
that whether pemciUin was present or not oxygen uptake was maintained at a 
nearly constant level dunng the log phase (approximately 4 hours), then the 
cellular content of ribonucleic acid denvatives markedly increased This was 
accompanied by a sharp mcrease in the oxygen uptake m the absence of pemciUin 
but not m its presence Their experimental evidence suggested that the over- 
all effect of pemcillm is to block the enz 3 miatic system involved in the dissimila- 
tion of nbonucleates whether synthesized by the orgamsms or merely absorbed 
from the external substrate 

Subsequently this was confirmed by Macheboeuf (1948), who showed that 
penicillin mhibits the system responsible for hberation of the ribose and the 
phosphoric fractions of the mononucleotides he studied (guanyhc acid, adenyhc 
acid, and adenosine triphosphate) Thus pemcilhn may actually protect these 
molecular complexes against destruction such as might be expected to accompany 
autolysis of the cells, the mechanism of which has been studied recently by 

' The work reported in this paper was supported in part by a generous research grant 
from the Cutter Laboratories, Berkeley, California 

* With the gracious and capable laboratory assistance of Virginia Lamb Pickering 
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Stacej^ and \\ ebb (1948) These results arc m agreement ith our o\ni ob^cr\ a- 
tions (Dufrenoy and Pratt, lOlSn.h) to the effect that bacteriostatic concentra- 
tions of penicillin fai or displacement of nbonucieic acid complexes (basophilic 
matenals) from the affected cells, and that the margin of the inhibition zone on 
assay plates coincides xxath the site of the threshold for inhibition of pho^pliataso 
activitj'' 


expfrimevts and results 

The techniques employed in the present uorh were csscntiallx as prcxiousK 
described (Dufrenoy and Pratt, 1947) Briefly, assax plates seeded with up 
propnate test organisms are either incubated oxemight (IG hours) with penicillin 
or are preincubated for 3 hours xvithout penicillin and then arc reincubatcd for 
a second period of 3 hours x\ ith penicillin Reagents are applied and ob^erx ations 
are made at the conclusion of the incubation with the antibiotic The second 
method has the advantage of exposing cells to penicillin at the time when the> 
are most reactive to the antibiotic (beginning of log phase) and of proxiding for 
studj' cells most suitable for cytological observations (Pratt and Dufrenox , 
1947a,li) 

TlTien assay plates are flooded xxitli a 0 1 per cent solution of tnplicniUet- 
razolium chloride, the zones of inhibition promptly become outlined b.\ a red 
nng, demonstrating the sites of enhanced reducing actixot}' Later tiic colonies 
m the areas of the plate unaffected by penicillin become pink, ns prex louslj re- 
ported (Dufrenoy and Pratt, 1918a) 

\Micn assa}' plates are gently flooded xxitli a 0 1 per cent solution of trypan 
blue (Allied Chemical and Dye Corporation lot no 1G959G) in a 0 1 molar 
solution of KH1PO4 for 5 minutes, then arc nnsed succcssixelx with portions 
of the phosphate buffer until no more color is remox'cd, and finally are nnsed 
xnth methylal followed by acetone, the dye is retained only in a ring that com- 
pnses the areas of enhanced growi-h and the outer regions of the zones of inhilii- 
tion The oxmrlapping of staining xxitli trypan blue beyond the inhibition zone 
and into the region of enlianced growth which stains red with TPT was demon- 
strated by treating plates first with TPT and then with tr}pan blue M icro- 
scopicalix the areas of such double staining (regions of enhanced growth) tip 
peared purplish IMicroscopic examination rexealed the regions of enhanerd 
groxxlh as densely populated with red colonics on the unstained igir Blue 
inclusions xxnthin each cell of Staphylococcus aureus stood out m slurp contrtst 
to the general red background of the colon} as a whole This u repre entrd in 
schematized form in figure 1 The diagram at the left ^hov -5 the m icro-eopic 
distribution of areas in which tnphenxltctrazolium chlonde was reduufi (ero-. 
hatched) and trx-pan blue was absorbed (stippled) The zone of inhibition u 
circumscnbed and slnrplx outlined bx the nng of cnlunced growth (irei of 
high reducing nctixitx) xxhicli is crO'^hatehed in the dugrirn 

The diagrams at the nght arc schematized repre ent ition- of tli' micro top > 
aspects of the colonics and organi=m‘= m thrrc reprc-eiu itixc conn ntrie . rr s 
about a cxlinder from which penicillin had diflu-ed In thee dugrirn- t i' 
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crosslnlchcd urcis repicsent deposition of red formnznn m tlie colonies, stippled 
•nid solid ircas represent absorption of trypan blue in the individual cells 
Homologous patterns weic obscived when the same techniques were applied 
to plates seeded with Escherichia colt and exposed to polymyxin^ according to 
the method of Stansly and Schlosscr (1047) E colt under the influence of 
poljmx'xin ind ticated as above jnclds an cx'cn more spectacular response than 
docs S aureus exposed to penicillin and similarly treated Under the influence 


NORMAL COLONIES AND 
^A FEW ‘ CHAINS V REDDISH 
^BACKGROUND FROM TPTx- 
'TRYPAN BLUE CENTRAL 
IN NORMAL CELLS, 

BIPOLAR IN 'CHAINS' 

'DIPLOCOCCUS* FORMS, 

'PLATES' AND 'CHAINS' 

NO RED STAIN-^-BLUE 
STAIN BIPOLAR, PERIPH- 
ERAL, OR NONE^SOLID' 

OR STIPPLED 

A FEW PERSISTERS 
REMAIN^ THESE ARE 
SWOLLEN /NO STAIN WITH 
TPT-^ TRYPAN BLUE IN 
SCATTERED GRANULES/ 

FEW CELLS WITH NONE 

Figure 1 Schematized diagrammatic representation of responses of cells and colonies of 
Staphylococcus aureus in and near an inhibition zone on a penicilhn assay plate to treat- 
ment with solutions of triphenyltetrazolium chloride and of trypan blue 

of polymyxin, E colt elongates into threads shotving a Imear arrangement of 
jDclusions w'hich stain with trypan blue 

DISCUSSION 

The treatment of assay plates first with triphenyltetrazolium chlonde, then 
wath trypan blue, demonstrates the following sequence of events as penicillin 
or polymyxin diffuses on plates seeded wnth S aureus or E colt, respectively 

(a) subbacteriostatic concentrations of the antibiotics induce an increase m 
reducing activity, and in staimng, presumably due to ribonucleic acid materials, 

(b) bacteriostatic concentrations suppress the reducing activity (no response with 
TPT) but permit the cells to retain maximal ability to absorb trypan blue 
The latter fact is interpreted as indicatmg inhibition of the enzyme system 
responsible for the splitting of phosphoric acid away from the nbose fraction 
Convergent evidence to this effect is provided by the observation that the area 

“ Kindly provided by Dr P G Stansly 
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of maximal stammg bj' topan blue coincides mth the area of minimil rospnn'C 
for mmc P 04 as demonstrated bj the mohbdate test (Pratt and Diifrcno\, 
19476) and by the classical Gomon test (DufrenoA and Pratt, 19]S6) Vnofher 
conAergent line of CAudence is the obsenation that these antibiotics impair or 
eaen completely mhibit the action of phosphatase (Dufrenoj and Pratt, 

SUSOURY 

Double stammg of pemcillm assaj plates Asath Inphenjltctrazolium chloride 
and AAath tiypan blue proAudes further CAudenco to support the conclusion that 
the inhibition of enzy-me systems maohed in H transfer and in the dcjilios- 
phorjlation of complex nbonucleates is fundamentalh inAobed in the action of 
pemcilhn on gram-positn e organisms 

The use of the same techniques suggests that the action of pol^ ma-xin on the 
gram-negatwe Eschcnchia colt is effected through essentialh similar mecha- 
msms 
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^ \1U\TI0N AND MliTATION IN PENICILLIUM 
CninSOGENUM, WIS Q17G 

riAWN IirL'^L, KATllinN SANDLll<=;ON, ROLAND WOODWARD, and 

C. M I ISLNIU RG 

T T lint fr Chrm:rnt Compnmi, Phtlhpihitrg, New Jersey 
Rf'rnvrii for puhlicntinn September 1, 1918 

In inin, 1 projrrl of strnn dc\clopnicnL ^vns undertaken with the 

pnnnr\ objrrlno of ohl lining inrrei'^cd fields of penicillin Other objectives 
included the pov-ibilitv of redunnp piRincnl formation, of obtaining different 
l^•pcs of penirillin, and of dolornuning the *^1 vbilit}' of this strain in culture 

ith the facilit les in iilable il u is not pos'^ible I o de\ ote any time to the second 
of thc^; It IS the imrposc of this paper to present a brief report of the results 
obtained 

Paper (1017) siimmarired the hisfoi^' of Pcmcilbnm chrysogenum, Wis Q176, 
the strain currenth in use in eommercid production of penicillin, as follows 

NRRL 1^51 — P chry oyenum, nolatcd from a moldj cantaloupe, capable of pro- 
ducinp; npprositn i(oI\ 100 u per ml of penicillin in submerged culture 
NRRL 1031 ij23— A naturnll\ occurring \arinnt from NRRL 1951, capable of pro- 
ducing up to 230 u per ml of penicillin 

X1G12 — \n \ ra\ induced mutation from NRRL 1951 B25, capable of producing 
more than 503 u per ml of penicillin 

Wis Q17G— An ultra\iolct induced mutation from X1G12, capable of producing 
more than ooo u per nil of penicillin 

The importance of the foregoing developments to present penicillin production 
cannot be ovcrcmphasired, because current jiclds of 750 to 900 units per milliliter 
are obtained in nutnent solutions of approximately the same composition as those 
used to produce maximum j iclds of 75 to 100 units per milliliter with NRRL 832 just 
a short time ago 

It IS apparent that great increases in yields have been obtained by the produc- 
tion of mutants, based on tlic evaluation of these in shaker flasks in the labora- 
torj From the industrial standpoint, the practical questions anse (a) whether 
further increases may be expected, and (b) whether the increased yields wall be 
sufiicient to justifx" the expenditure There is no a prion reason for believing 
that strain Q17G is the best possible The fact that the last mutant resulted 
in a doubling of yield would indicate tliat an end point has not been reached, 
since it appears probable that the increments (of increase) wmuld become pro- 
gressiv ely smaller as the yield of penicillin approached a maximum 

METHODS 

Two means of producing mutants were employed in this study Nitrogen 
mustard (methyl-bis(/?-chloroethyl)amine HCl') was used first because (a) it 

^ Nitrogen mustard obtained through the courtesy of the Committee on Growth of the 
National Research Council 


15 



16 


REESE, SAXDERSOX, 'WOOD'n \RD, AND EISENBERG 


[voL 57 


was found bj' Stahmann and Stauffer (1947) to gi% e a greater percentage of mu- 
tants, when the majonty of the spores were killed, than ultra\nolet radiation of 
2,750 A, and (b) because we beheved the use of an agent different from those 
pre\ loush used m developing Q176 might prove more promising A procedure 
suggested by Tatum (1946) was followed To 5 ml of a concentrated spore 
suspension w as added 5 ml of a 0 24 per cent solution of mtrogen mustard m 
citrate-phosphate buffer (pH 6 3, 012 m) Sterihzation was accomphshed by 
means of filtration through a sintered glass disk pnor to the addition of spores 
The control solution w as prepared similarly, omitting only the N-mustard One- 
mi aliquots w ere remo\ ed at different times and diluted to an appropnate range 
for plating out (1 ml flooded over the surface of a potato lactose agar plate) 
After 3 to 5 days’ mcubation at 25 to 30 C smgle colomes were removed from 
plates showmg over 90 per cent kill and transferred to slants of potato lactose 
agar 

For the later work, ultraviolet irradiation was used exclusively as the means 
of mducmg mutation The spore suspension was contamed in a quartz flask 
shaken at 6 mches above the “stenle-lamp” (\VL 782-30) The ultraviolet out- 
put of the lamp was checked at each usage by means of a Westmghouse SM-600 
U T mdicating meter Under similar circumstances, 90 per cent of the spores 
are killed m 10 mmutes and over 95 per cent m 12 mmutes Survivors are then 
treated in the same way as those survivmg the N-mustard exTiosure 

As the fermentation medium, the followmg was selected because of the rapid 
growth obtamed, and because the potencies remained at a high level cottonseed 
meal 3 per cent, lactose 2 per cent, glucose 0 1 per cent, phenylacetamide 0 1 
per cent, NaNOs 0 5 per cent, KIH 2 PO 4 0 5 per cent, MgS 04 0 5 per cent, and 
challc 0 5 per cent In general, on cottonseed meal medium, peak potency was 
reached by the fourth daj' and contmued at a high level for several days In 
com steep medium, the nse m potency is much slower, and the length of time 
that the potency remains at the peak is short In order to obtam maximum 
potencies with greatest accuracy and to be able to set up a regular 7-day schedule, 
we selected the cottonseed meal medium 

One ml of spore moculum was added to 110 ml of medium m a 1-hter Erlen- 
mej er flask Two flasks were used for each stram Incubation was at 24 C on 
a reciprocatmg shaker ha\'mg a 4-mch stroke and 90 strokes per mmute Growth 
was noticeable m 2 da 5 ’s, and high potencies were obtamed m 4 days Assays 
were made on the fourth, fifth, and seventh days Two sets of controls of Q176 
of different histones were mcluded m each test, with 50 test strains m duphcate 
Strains were evaluated m terms of the control, those surpassmg the highest 
control bj^ 20 per cent bemg saved for retestmg The assays were run against 
Bacillus subtilis as the test organism 

RESULTS 

The results are summanzed m table 1 Each stram is evaluated m terms of 
the Wis Q176 parent This Q176 control usually reached a peak of about 450 
u per ml under the conditions of the test Fne “yield groups” were setup as 
follows 
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A — 0 to 40 por cent of yield of Q170 
B — 10 to SO per cent of yield of Q170 
C — SO to 120 per cent of yield of Q170 
D — 120 to ICO per cent of yield of Q70 
11 — over ICO per cent of yield of Q17C 

II IS appircnf from (lie results that wUrcalcd single spore isolates of Q17G show 
a ralher large amount of variation in yield, only G2 per cent being in the C gioup 
Treatment mth N-mustird resulted in strains onlj'^ 53 per cent of winch fell in the 
C group, whereas the irradiation treatment further reduced the percentage of 
strains falling m this group to 41 Treatment with these mutagens thereby 
resulted m a spreading out of the distribution curve, with many more survivors 
appearing in the end groups (A, B, D, E) Ultraviolet irradiation was the more 
se\erc treatment as judged by (1) the greatest reduction in the C group, (2) 
the largest percentage of survivors giving zero units of penicillin, and (3) the 
production of strains show ing the highest yields Nitrogen mustard appears to 
have been less severe, judged by these criteria, but, whereas with irradiation 


TABLE 1 

Summary of strains evaluated 


\n-u)iN%or 

QIltCONTSOL 



KUMBFR or STRAINS TESTED 

1 

SAVED ATTER 
RETESTING* 


■ 

m 

B 

C 

D 

E 

Total 

No 

Per cent 

TKKATMENT 

m 


<O-€0% 

80-120% 

120-160% 

160% 

Untreated single spore isolates of 
Q176 I 

1 

0 

1 

5 

38 

78 

4 

0 

125 

1 

0 8 

N-mustard 

5 

29 

182 

329 

64 

9 

618 

20 

3 2 

Ultraviolet 

27 

139 

579 

1 698 

1 

101 

23 

1,467 

30 

2 0 


* Those “saved after retesting” have been retested at least three times and average more 
than 15 per cent above the controls 


the curve shifted toward lower-yielding strains, wnth N-mustard the shift is 
toward higher-yielding survivors An evamination of the population of the 
high-yielding groups (D and E) reveals that the percentage of survivors m these 
groups are as follows control, 3, N-mustard, 11 5, and ultraviolet 8 5 per cent 
Since these figures are based on single tests, they are subject to errors of 
various sorts associated with the mass handling of cultures, dilutions, and 
assays A more valid result would seem to be based on the strains which after 
two or more retests still fall into groups D and E The percentage figures for 
these strains are control, 0 8, N-mustard, 3 2, and ultraviolet 2 0 per cent 
In terms of altered strams, i e , those removed from the C group, the shift to 
D and E groups has been 


% in D and E groups, treated — % in D and E groups, control ^ 
% in C group, control — % in C group, treated 


N-mustard = 


8 S 
62-53 

5 5 
62-41 


X 100 = 94% 
X 100 ■= 26% 


Ultraviolet = 
















18 


REESE, SANDERSON, WOODWARD, AND LISENBERG 


[vOL 57 


Such figures as these indicate great supenonty of the N-mustard treatment in 
shifting the altered strains toward higher yields, with the irradiation shift being 
toward loner yields In searching for high-yielding strains, however, degree 
of supenonty is more important An analysis of the 51 superior strains fol- 
lows 


1 

NtniBES OP STRAINS CODT OP 2 200 ) 

CONTROL 

N U 

U V 

Yielding 15-35% above Q176 

1 

19 

9 

Yielding 35-55% above Q176 

0 

1 

15 

Yielding 55-75% above Q176 

0 

0 

6 


The ultraviolet-irradiated strams have been retested less frequently than the 
others, and a few may fall into a lower category But aUoivmg for this, it is 
obvious that the best strams are those resulting from ultraviolet irradiation 
(as were also the poorest) 

The rate of appearance of high- 3 uelding strams among the survivors of muta- 
tion-inducmg treatments is rather high, i e , of the order of 2 to 3 per cent The 
rate of mutation is a function of the seventy of the treatment, the degree of 
which IS measured by the percentage killed In our tests, the figures are 

N-mustard 99+% kill m 4 tests 
92% kill in 1 test 
84% kill in 1 test 
Irradiation 99-1-% kill in 4 tests 
90-99% kill in 4 tests 
60% kill in 1 test 

Our data are too limited to show any correlation between the percentage of 
survivors and the percentage of supenor strains obtained 
The rate of mutation (based on mutants as percentage of survivors) obtained 
from irradiation, as compared to N-mustard treatment, is at vanance with the 
findings of Stahmann and Stauffer (1947) workmg with a different mold strain 
of P chrysogenum (NRRL 832) Using morphological differences as a cntenon, 
Stahmann and Stauffer were able to obtain much more data Their results 
show much higher mutation rates among the N-mustard survivors when the 
majonty of the spores vere killed In accounting for the discrepancy between 
results, it should be indicated that our technique for usmg the N-mustard was 
different from theirs It is possible that for the same percentage of killing with 
N-mustard, different mutation rates among the survivors exist which depend 
upon other emuronmental conditions Expenments on the production of mor- 
phological mutants are necessary to test the validity of this hypothesis A 
further difference m methods existed m that we used ultraviolet light of 2,537 A 
whereas Stahmann and Stauffer used 2,750 A 
i^Iorphological mutants appeared m roughly the same numbers as biochemical 
(\neld) mutants in the work here reported The absence of pigment production 
seemed important enough to warrant some attention, since it seemed to us that a 
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winter fiml penicillin might be more easily obtained from a strain producing 
little 01 none of (be > cllow pigment in the broth Many such strains were found, 
but ill except two of these gave low yields (Stauffer, 1948, has just informed 
us that his gioup has iccently released to industry a nonpigmented strain that 
pcrfoimcd as well as Wis Q17G in their trials) At the opposite extreme is a 
strain that produces a deeper j cllow pigment m agar than any of the others, 
but this was not OMdent m broth Another strain, wdiich on agar is identical 
wath Q176, in broth produces a dark brown culture unlike anything we had 
obseivcd before In both the latter strains the pigment seems to be ivithout 
effect on the potencj , each strain being normal in that respect 

Variation m sporuhtion was common Under the conditions of growth (23 
to 25 C on potato lactose agar), the usual response was light sporulation wathin a 
week to 10 daj's, the surface liccoining light blue-green wnth varjnng amounts of 
yellow Variations occurred in both directions, i e , some strains were yellow, 
some white wnth no sporulation, find others were a xelvety blue-green with dense 
sporulation In general the abnormal sporeformers had a tendency to lower 
jnelds One odd culture has tan spores that are particularly obvious w'hen 
obseiw^cd on kloycr’s agar This strain produced somew'hat less pemcilhn than 
the control 

Natural Variation VI P chrysogenum,Wts Q176 

A matter of primarj’’ concern in industrial fermentations is the stabihty of the 
fungus culture Great embarrassment and financial loss may result from vana- 
tion in the organism Raper (1946) and others claim P chrysogenum, Wis 
Q176, to be unstable, tending to produce moiphological and biochemical variants 
As a result, it is general practice to preserve the spores from an early transfer of 
the orgamsm in soil tubes, oi in lyophile vials In this W'ay variation is reduced 
to a minimum 

How variable is strain Q176? The evaluation of cultures from untreated 
single spores of Q176 (above) show's a distribution in w'hich 62 per cent gave 
average yields, 33 per cent gave yields 20 to 60 per cent above or below average, 
and 4 per cent gave yields 60 per cent or more from the average By average 
here is meant the behavior of the whole population from which the single spore 
isolates were made It appears that the vanation from single spores is great, 
and that the possibility of an inferior strain developmg on repeated transferring 
ought to be guarded against 

Several senes of transfers of stram Q176 were made to deterrmne the rate of 
appearance of vanants The potato lactose agar slants were incubated at 23 
to 25 C and transfers made w'hen convenient (usually 4 to 14 days) The ong- 
mal transfers (20Y) were made at 30 C, at which temperature less sporulation 
occurs, and the first variant was a nearly w'hite (20W) sector These tw'o cul- 
tures appeared identical when groivn at 25 C Ninety successive transfers of 
20Y, over a 2-year penod, have been made dunng which time no morphological 
variant has appeared, nor has there been any loss m pemciUm-producing ability, 
as determined in shakei flask tests On the 41st transfer of 20W, a heavily 



20 


REESE, SANDERSON, 'WOODWARD, AND EISENBERG 


[vOL 57 


sporulating (blue-green) sector (20W-S) appeared No other variants appeared 
in 20W through a total of 90 transfers This culture, like 20Y, retained its 
appearance and penicilhn-producmg abihty Vanant 20W-S in addition to 
its more rapid sporulation differs in that less pigment is produced in the agar 
In 3 neld it is in a class inth its parent 20W Through 49 transfers it has retained 
these charactenstics 

The foregomg transfers were made by remonng bits of agar containing my- 
celium from a colony to a fresh slant It later appeared that the nature of the 
medium might affect the rate of variation, or that an increase in vanants might 
occur if spores only were used m the transfer For checlong the latter, a loop of 
spores was taken from a culture that sporulates well on Moyer’s agar^ and 
transferred to a fresh slant During a senes of 47 transfers on this medium, no 
variants vere obsen^ed and no loss m pemcilhn-producing abihty occurred 
kloyer’s agar is a high-salt agai used in producmg spores of Q176 on which but 
little mycelium is produced Vanants are undoubtedly present among the 
spores transferred But since no change has occurred, it appears that such 
vanants as have been present have been less adaptable to the medium than are 
the “normal” spores, and as a result are suppressed In this regard, Raper has 
■written us, “'\''anants do not appear on nch media such as Moyer’s sporulation 
agar ■m.th the frequency or prominence that they do on media such as Czapek’s 
solution agar ” 

Nutrient glucose agar (Difco nutnent agar plus 0 2 per cent glucose) was used 
for a senes of transfers On this agar vegetative growth occurs, but sporulation 
is almost completely suppressed As a result, the surface is white ■with no traces 
of blue, green, or j’-ellow, but mth an occasional brown tint in the center of old 
colonies In 47 transfers no vanation was noted, and no loss in penicillin-pro- 
ducing abihty occurred Transfers here, as in the cases to follow, were by pieces 
of agar contaimng mycehum 

Potato glucose (1 per cent) agar, ■mth strain 20PD, results in more rapid 
growth than does potato lactose agar, and m earlier and better sporulation On 
the fourteenth transfer, a white sector appeared (20PD-S) No other sectors 
appeared in the remaimng 33 transfers, nor was there any loss in penicillin pro- 
duction The white sector (20PD-S), on microscopic examination, showed good 
development of sporophores, but only an occasional spore Tiansfers to Moyer’s 
agar of all our other cultures resulted in normal, hea'wy, blue-green sporulation 
This sector from potato glucose agar (20PD-S) w^hen grown on Moyer’s agar is 
a much lighter blue-green, but spores do develop The capacity of this strain 
to produce penicillin is decidedl}’' less than that of the other cultures (by about 
50 per cent) No change in this culture (20PD-S) m 33 transfers was noticed 

These observ ations maj^ be summed up as follows In 403 transfers, two mor- 
phological V anants w ere found Of these, only one resulted in a loss m abihty 
to produce as much penicillin as the parent in shaker flask tests Apparently 

5 Mover’s agar as modified for our work gljcerol, 2 0 g, Brer Rabbit molasses, 2 0 g, 
curbaj B G , 2 5 g, peptone, 2 0 g, MgSO< 7H O, 0 05 g, ICHiPOf, 0 00 g, NaCI, 40 g, lac- 
tose, 20 g, agar, 25 g, water to 1 liter 
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no \ 11 Mill tint w IS 11101 iiliologu illv idontu il with tlio pucnt hut clifTcicnt m 
iliiliti to piocliuc iK'iiKillin ipijoiiod Olio diit i .no loo limited to make any 
(linns foi snpoiioiiti of modiiim, tliou}!;li oni ])oisonil picfeicncc is foi pot.ito 
licto'-o iu;n It must ho omiili isiml tint the conditions nndci which these 
ti nnfois weie mule mimnnye the possilnhty foi \ ni.it ion Ilighei tempei- 
itnics of iiK 111) ition ind longei poiiods between ti msfois would niiquestion.il)ly 
lino losiiltcd 111 giciloi \ niiition It ippeiis fiom these diti th.it P chnjso- 
qcuiim, n QlTCi, oin he m nnt nnod in i sitisf ictoiy condition foi feimentation 
h\ ti insfois on igii mule it woi'kh inten ils ind mcnh.ited it 23 to 25 C, pio- 
Milcd tint i little ittention is pud to the ippe n nice of sectois 
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StJMM \in 

Se\ei il milt nils of PcniciUium chrysoiii nnm, Wis Q17G, have been produced 
which in sliikei tests snipiss the piiont m vields of penicillin by at le.ist 50 pei 
cent 

Ultia\ lolct 111 idi ition icsulted in the piodiu tion of gieatei numbeis of valiants 
than did N-mustaid tieatmcnt 

P citrysogeman, Wis Q17(), c.in be m untamed bj scii.il weekly tiansfeis on 
agai shnts without loss in pcnicillm-piochicing capacity 
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"J lieie no igiccmenl on (lie mode of ‘> 1)01 c gciniin it ion in Bacillus mcqalhc- 
rium Accoiding to ]5e ]iiM (ISS4), the ‘-poic lo^-es its shmj ippeai mce nncl 
glows until it leulits (lie width of (he \eget itne cell, when it ^heds a delicate 
(oit Usinlh the (oat i'' spht dong the ccpiitoi oi ohhciueh into two still- 
connected pnt"', hut the siiht is often complete ind the seceied paits of the coat 
lemim is c ijis cocoiing the ends of the gcim cell, the«e caps aie htei shed oi 
swell ind di«integi ite Giethe’s (IS07) cleMiiption is siniilai , the coat is spht 
dong the equitoi oi in i jd me mteimednte between the pole and the equatoi , 
in the 1 ittei ca'-e, (he geim cell emeiges obhcpieh and gi\ es the wiong impiession 
of i pol 11 geimination Ihe shed coat is delicate, tianspaient, and of low le- 
fimgencc Equitoiid geiminition with oi without complete seeding of the 
coat into two puts w is illusti ited In Fiost (1021), aftci Noee 

On the othci hind, Ilcmici (1028) st itcd that Bacillus vicgalhcrium absoibs 
its coat Plus w is confiimed In Knaesi (1038), who finthei stated that “old, 
paitiallj diied spoios mn show a poition of their c\ine capping one of the 
poles of the icsulting cell ” Lamanna (1940) also listed Bacillus megathcnuni 
among the membeis of Bacillus that geimin ite bj' absoibing the spoie coat and 
recognized that “some stiains gcimmating bj absorption legulail}’’ show a thin 
capsule lemaining about one end of the gi owing cell This would appeal as a 
polai geimination In othei cases equatoi lallj’- located capsules aie seen ” 
Ivna 3 "si (1944) suggested that the appaient disagieement between the two gioups 
of observers maj" be due to a diffeience between the stiains used 

PRESENT I W'ESTIG VTION 

Strain and method The strain of Bacillus megatherium used in the present 
investigation was stiain Ci (Lamanna, 1940) The spoies were harvested from 
an old slant culture, washed seveial times with steiile, distilled watei, and al- 
lowed to germinate on a collodion film deposited on a laj^er of nutiient agai m 
a petri dish, accoiding to the method of Hillier, Knaj'^si, and Baker (1948) The 
inoculum consisted of lows of minute dioplets of the spoie suspension diluted 
to the pioper turbidity The plates were incubated at 35 C wath the covei-s 
tilted to allow evapoiation of the dioplets and prevent motion of the geim cells 
At legular time inteivals, a cultuie was floated on the suiface of distilled water, 
lifted with a stiip of coppei screen, allowed to dr^q cut to fit the specimen holdei, 
mounted, and examined Figures 10 to 14 lepresent a culture on collodion float- 
ing on broth 
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I iipirc I ‘'porns ctill rc‘!(inK ifter in inrub Uioii ptriod of "J liouis and 30 minutes Note 
the chfd (oit it tlic loiMi left (oriiir 'sin d foits in usudl\ rnueli iiidir tlian resliiiK 
sporfsbii lU'-t of inipcrfi ( t < 1 istii lU t!ii\ in tonsidenbh sin ti hi d duiing t,ei inin ition 
but do not sub'i quf ntl\ n tr u t to tin ir oripuial si/i 

/ ifftire 2 \ diMdint, cum cell tiitli tin bulk of tin roil still adhering to the loner end 

ind ifoit fr igmr n^ it thr right sidr rroiii iiulturo-1 houisold 

/ mure 5 lour Mgrtitne rolls oiir spore pirtli Msible and ri\c rmpt^ spore rods 
Thrrr of thr roitsshon thr r r ii ks tbrrjugh nbir h thr gr rm r t lls emr rgr rl 1 rorn a oulture 
4 hour' olil 

/ ir/irrr s i-C \ oget it i \ e r r IN n i th fr iginr nts of tho spore eo it still idhoring to the sirlos 
1 roni i eulturr 3 hour' itid lO ininutrs old 

I- uiuri^ T-'t ^[lorcroits ipiiiriiilh fn-hh shni Notr that tlirgsp eo its arc M n thin 
ind s( niitr in=p trr III InfigurrsT inrl 0 thr rods irr f iirh hotnogf nr ous r \or pi for thr 
ri irl folds In figure S thr hnr strur tun of tin in dri\ begins to appr ir I rom a r ulture 
0 hour' rild 

1 igtirt' 1 to 'I, y 10 KXJ 
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Figures 10-12 Stages m the disintegiation of the spoie coat In figures 11 and 12 the 
intimate sti ucturc of the inatnx is eleaily visible, and a similar sti ucture is seen in the cell 
walls of the vegetative cells, particulaily at the bluntly pointed tips From a culture 5 
hours old Note a flagellum in figure 12 X 20,800 

Obsenations Oui obseivations show that the endospoies of Bacillus mega- 
iheiium, strain Ci, vary consideiably m foim and size They may be straight 
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01 (lincfl, long 01 short, but ill shoR Ihe common chaiacteiisfic tint one end is 
thuker thin the othei Ihcii foim i ‘5 fuiKhmentalh ovil (hguie 1 ) It is 
interesting tint the knob often seen at one pole of the enclospoie in i aiious species 



I iq\irc 13 Pirt of the mici ();,r i|)li i»f figure 11 tonsidcr ibh oiiliiigcd to&hoii inoiccleiirh 
ihc «tructure of the niiti i\ of the spoie co it X -15 000 

appeii» to be inside, not a pait, of the spoie coat The spoie coat is vei}" thin 
and, unlike that of Bacillus niijcotdcs (Kn um, Bakci, and Ililliei, 1947), seems to 
con-i't of i single 1 13 cr Upon gcimination, the coat is eithei shed int ict (figures 
2 ind 3 ) or breaks up into nlibonlike fi igmcnts which ma}" adheie to the gcim 
tell ind be driggcd along as the gciin cell elongates (figuics 1 and >) Co its 


CilUMIN\TION 01 I NDOSl’Oni IN llVCIhliUS MLOATIIIJllUM 
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whuli no shed in( let uo split dong i pi me noun il to the long axis of the spoie 
d i \ nnblo position between the middle ind the end of the spoie (figines 7 to 
h) ^^c did not obsei\e completo splitting of the coit into two paits each eap- 
]nng one I'lid of the geiin cell II is possible, howevei, that this occasionally 
t ikes plue On the olhei hind, adheienec of pait of the coat to a side of the 
geim cell w is often obsci\ed (figiiies i to (i) 

Ihe CO it .pipe us homogi'iieoiis iiound the lesling spoie ind, usually, wdicn 
fleshly shed (figiiies 1, 2, 7, 0) ITowe\ci, shed coats quickly dismtegiate in a 






manner that baies then intimate structuie It is thus revealed that a coat 
consists of a matiix of beaded threads held togethei by a cementing material 
(figuies 10 to 13), the diametei of a bead is about 120 A, and that of the cioss 
section of the thiead about 90 A, the length of a thread varies considerably but 
IS usually betw'een 6 X 10’ and 12 X 10’ A These thieads are invisible m the 
intact coat, but they become visible and aie finally hbeiated by the dissolution 
of the cementing mateiial, which is usually complete within an houi (figuies 10 
to 13 ) 

It may be of significance that flagella weie seldom observed m the comse of 
these expel iments 
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DISCLSSION V\D CONCLUSIONS 

The picsent in\e^tigation slious that the endospoie of Bacillus vicgalhcnum 
^heel's, upon geimination, a single, iei3 thin and elastic coat split at the middle 
or between the middle and the end The eoat often dismtegiates during germi- 
nation and IS shed off in ribbons This disintegration has been inteipreted as 
abboiption, i e , utilization, b3 the geiminating spore However, when one con- 
sidcr-i that a coat, shed intact, dismtegiates iapidh% the evidence for absorption 
In the spore loses its foice It seems moie hkelj' that the coat disintegrates 
“spontaneouslj',” as it does m other spoiefoiming strains The rapidity with 
which disintegration is noted m Bacillus megatherium is piobabl}’’ due, at least 
m pait, to the thinness of the coat This prelimmar}' wmrk does not give a final 
answer to the question of whethei oi not the resting spoie of Bacillus megatherium 
IS sui rounded by two coats, the mnei one of which is utilized and the outer one 
^hed during germination It maj' be stated, howevei, that the piesent woik 
giccs no indication that such a coat e\ists and suggests the eNistence of a funda- 
mental difference m the peiipheial stuicfuie of the endospoie between B mega- 
therium and othei closelj related members of Bacillus The piopeilies of the 
single, demonstrable coat suggest that it is equivalent to the outer coat observed 
m Bacillus mijcoides (Kna3"si, Bakei, and Hilher, 1947 ) 

The fact that the spoie coat (also the wall of the vegetative cell, figuies 12 , 
14 ) IS made up of paiallel fibeis cemented together is of consideiable mteiest A 
similai stiaicturc is found m the stems of the hemp and fla\ plants m w'hich the 
fibers are cemented together with pectin In nature, such a stiuctuie seems to 
be associated with a high degiec of toughness and resilience It is possible that 
the beaded threads are macromolecules formed 1x3’^ polymerization from smaller 
ones, 01 the3 ma3' consist of numerous independent molecules m a characteiistic 
oiientation and gioupmg 


suanuRi 

In stiain C'l of Bacillus megatherium the endospore is fundamentall3" oval m 
shape, the o\al mac be short oi long, stiaight or cuned Upon geimination, 
the spoie sheds a single, highh elastic, thin, perishable coat, which lescmbles 
the outei coat obsened m Bacillus mycoidcs The coat is split at the middle oi 
between the middle and the end It often dismtegiates before germination is 
completed, but there is no e\ idence that this disintegration is due to utilization 
b3 the germinating spore, noi is there ccidcnce for the existence of i second, 
inner coat which is u^c'd up dining gcrmin ition 
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THE AGGLUTINATION OF HUMAN ERYTHROCYTES MODIFIED BY 
TREATMENT WITH NEWCASTLE DISEASE 
AND INFLUENZA VIRUS* 

ALFRED L FLORMAN* 

Pcdtatne Service and Division of Bacteriology, The Mount Stnat Hospital, 

New York City, N Y 

Rccoucd for publication September 23, 1948 

Burnet and Anderson (194G) reported that human erythrocytes which had 
been modified by adsorption and elution of Newcastle disease virus (NDV) could 
be agglutinated by anti-NDV animal sera and by the diluted serum of some pa- 
tients vith infectious mononucleosis This observation led to speculation con- 
cerning a connection between the NDV and the etiology of infectious 
mononucleosis 

Our interest was aroused when it was possible for us to confirm Burnet and 
Anderson’s work by demonstrating that serum from a patient convalescing from 
infectious mononucleosis agglutinated NDV-modified human erythrocytes as did 
that from a rabbit vaccinated vath NDV A number of questions remained un- 
answered, however, and the present communication is concerned with some of 
them Is the agglutination reaction specific? Would NDV-treated cells be ag- 
glutinated bj'’ other human and antiviral rabbit sera? Would sera which ag- 
glutinated human erythrocytes treated by NDV also agglutmate cells treated by 
normal allantoic fluid (NAF), PR-8, or Lee viruses? Is the factor in serum that 
IS necessary for this agglutination identical with anti-NDV antibody? 

MATERIALS AND METHODS 

Viruses The PR-8 strain of influenza A virus, the Lee strain of influenza B, 
and a stram of NDV originally recovered by Dr Beaudette were used m this 
study Pools of allantoic flmd from 12- and 13-day-old chick embryos which 
had been infected 2 days before were employed as the source of virus Un- 
infected allantoic fluid from embryos of a smular age was used as a control and 
termed normal allantoic fluid (NAF) 

Cells Human group 0 red blood cells were collected m an excess of 2 per 
cent sodium citrate and washed several times -with saline, the desired concen- 
tration was prepared from the sediment remaining after centrifugation at 1,500 
rpm for 10 mmutes 

“Virus-modified” human red blood cells were prepared by mixing a suspemon 
of cells with an equal volume of undiluted infected allantoic flmd The mixtures 
were shaken and left at 37 C for several hours After a number of washmgs with 
normal saline, the cells were tested for agglutmabihty in sahne When a sta- 

• A portion of this paper was read by title before the Society for Pediatnc Research in 
Apnl, 1947, and published in abstract form in the Proceedings, p 27, 1947 

2 The greater part of this work was done while the author was at the Hospital 
of the Rockefeller Institute with a grant from the Welt fund of the Mount Sinai Hospital 
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bilized preparation was obtained, a suspension of the desired concentration was 
prepared Details are given m the text Between tests the cells were kept at 
4 C They vere used for as long as 12 days 
Sera PR-8-immune serum was prepared by givmg rabbits a single mtra- 
A enous mjection of 10 ml from a pool of allantoic flmd infected with PR-8 Anti- 
NAF serum was prepared m a similar fashion using uninfected allantoic fluid 
The Lee and NDV antisera were also made m this manner by using 10 ml of 
allantoic fluid infected with Lee or ND viruses The rabbits used for the latter 
sera received an additional or second mjection after 6 weeks In each instance 
serum was collected approximately 2 weeks after the last injection 
Human sera were obtamed from vanous sources The sera from patients 
with infectious mononucleosis and from those with serum sickness were collected 
by Dr Peter Vogel and Dr Samuel Khrehtz of the Mount Smai Hospital The 
sera from patients with influenza and from normal mdmduals were from the 
collection of Dr Frank L Horsfall, Jr , and those from patients with hepatitis 
were from Dr Henry Kunkel, both of the hospital of the Rockefeller Institute 
All sera vere kept at 4 C without any added preservatives 
Saline An 0 85 per cent solution of sodium chlonde contaimng 0 01 m phos- 
phate buffer at pH 7 2 was used throughout 
Agglntinalion tests The sera were inactivated at 56 C for 30 minutes, and 
tw ofold dilutions in sahne were prepared Then, to 0 2 ml of each serum di- 
lution, 0 2 ml of a 1 5 per cent suspension of modified cells were added The 
tubes were shaken and permitted to remam imdisturbed at room temperature 
for 1| hours The pattern of cells at the bottom of each tube was then noted 
If no agglutination occurred, there was a small well-defined button If ag- 
glutmation occurred, the sediment pattern was different and vaned from a thm 
layer over the entire bowl of the tube to a broad sediment with irregular edges 
This pattern w'as arbitrarily graded from -pi to -f 4 The last tube showing a 
-p2 or greater reaction wus considered to be positive As a control for each 
serum, a sinular test was made at the same time with untreated human cells 

EXPERIMENTAL RESULTS 

In the following ex^penments, human erythrocytes were treated with normal 
allantoic fluid (NAF), PR-8, and Lee viruses as well as ivith Newcastle disease 
ATius (NDV) Selected human and rabbit sera were then tested ivith each 
vanety of treated cell Fmally, sera which gave comparable titers in the ag- 
glutination test were studied for their concentration of anti-NDV agglutmation- 
mhibition antibody 

I The Interaction between Human Sera and Human Erythrocytes Treated 
with NAF, Influenza, and ND Viruses 

It IS known that sera from some mdividuals are more reactive than others in 
a lanet}' of nonspecific immunological systems (Havens et al , 1948, Young, 
1946, Thomas et al , 1943, Kaufman, 1944, Davis, 1944) These include those 
wnth hepatitis, pnmarj’’ atypical pneumonia, infectious mononucleosis, and serum 
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sickness It \\ss therefore of interest to determine whethei a seium that ag- 
glutinated NDV-treated human red blood cells would also agglutinate similar 
colls tint had been modified by treatment with other viruses 
Sci cn sera uere selected for study They were from a normal individual and 
from patients con\alcscing fiom influenza A, influenza B, serum sickness, and 
infectious mononucleosis The lowest dilution of scrum tested w^as 1 40 Cells 
were treated with normal illantoic fluid (NAF) and ivith fluid infected with 
Ncwc'istlc disease Mrus (NDV), PR-S, or Lee nruses This was done by incu- 
bating a mixture of equal volumes of allantoic fluid and a 15 per cent suspension 
of erytlirocjdes for 90 minutes at 37 C, 3 hours at 20 C, and 18 hours at 4 C 
before washing the cells with saline The virus was then eluted from the cells 
over a total penod of 3 daj's wath frequent washings The agglutination tests 
, were made wath the techniques alrcadv described 


TABLE 1 

Agglutination of human cells treated leilh NDV and influenza viruses by human sera 

I SZSOLTS* wun ems UttAIED WITH 



NDV 

PR^ 

Lee 

NAF 

Saline 

No 17 Normal 

ot 

0 

0 

0 

0 

No 15 Influenza A 

0 

0 

0 

0 

0 

No 16 Influenza B 

0 

0 

0 

0 

0 

No 10 Serum sickness 

0 

0 

0 

0 

0 

No 11 Serum sickness 

so 

0 

0 

0 

0 

No 19 Infectious mononucleosis 

320 


0 

0 

0 

No 12 Infectious mononucleosis 

640 

0 

0 

0 

0 


* Results given as reciprocal of highest dilution giving a 4-2 or greater agglutination 
to = <40 


None of these sera when diluted beyond 1 40 agglutinated the cells treated 
with PR-8, Lee, or NAF This is noteworthy since serum from one of the pa- 
tients with serum sickness and from both of those with mfectious mononucleosis 
agglutmated the NDV-treated cells (table 1) The titers w^ere 1 80, 1 320, and 
1 640 

The results of this experiment, therefore, demonstrate that the factor present 
m these sera that agglutinates NDV-modified cells does not agglutmate cells 
treated with NAF nor with influenza viruses 
This experiment also suggests that the agglutmation of NDV-tieated cells is 
not specific It may be brought about by human sera from other than convales- 
cent infectious mononucleosis patients Indeed, just as with the specimen from 
the patient with serum sickness m this experiment, we were able to demonstrate 
that, m moderately high dilution, the serum of some individuals with hepatitis 
may also agglutmate these cells In table 2 the results are given of agglutmation 
tests with NDV-treated cells and 27 human sera Although titers of 1 120 or 
greater were obtained only with specimens from patients with mfectious mono- 
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nucleosis, three of those from patients wath hepatitis and one with serum sick- 
ness had titers as high as 1 SO Evans and Curnen (1948) have also reported 
sev eral similar mstances of agglutmation of NDV-treated cells by sera from pa- 
tients v\ath a V anety of illnesses 


TABLE 2 

Results of KDV agglutination tests teilh human sera and NDV-modificd human cells 


PATir T 

COVDITIOV 

END POrVT* 

PATIENT 

CONDITION 

END POINT 

1 

Normal 

10 

12 

Infectious mononucleosis 

480 

17 

Normal 

<10 

19 

Infectious mononucleosis 

240 

229 

Normal 

15 

23 

Infectious mononucleosis 

120 

235 

Normal 

<10 

2S 

Infectious mononucleosis 

20 

241 

Normal 

<10 

30 

Infectious mononucleosis 

<10 

243 

Normal 

<10 

29 

Infectious mononucleosis 

<10 

24S 

Normal 

<10 




257 

Normal 

<10 

2 

Hepatitis 

<10 




G 

Hepatitis 

<10 

15 

Influenza A 

<10 

P 

Hepatitis 

<10 

16 

Influenza B 

<10 

R 

Hepatitis 

80 




S 

Hepatitis 

SO 

3 

Serum sickness 

20 


Hepatitis 

SO 

9 

Scrum sickness 

20 




10 

Serum sickness 

15 


Infectious lymphocytosis 

60 

11 

Serum sickness 

SO 





* End point given is the average of tvio or more determinations and is presented as the 
reciprocal of the highest serum dilution ginng a -f 2 or greater agglutination 


II Interaction between Rabbit Sera and Human Erythrocytes Treated with 
NAF, Influenza, and ND Viruses 

In order to inv estigate further the nature of the agglutinatmg factor, rabbit 
sera were employed, smee their antibody content could be more readily 
ascertained 

Sera were collected from a normal rabbit and from rabbits immunized with 
normal allantoic fluid and mth allantoic flmd infected with PR-8, Lee, or NDV 
Because the immune sera were made wnth allantoic fluid, each was absorbed vvath 
mmced chick embrjm and tested both pnor and following absorption Human 
erj'throcv tes were treated vnth PR-8, Lee, NDV, or NAF by incubating at 37 C 
equal v olumes of a 6 per cent suspension of human cells and allantoic flmd for 
4 hours The cells vv ere then n ashed and the virus was eluted over a total of 3 
davs, mth frequent washings Each batch of cells was tested agapist each of 
the sera in the agglutination test desenbed under "Matenals and Methods ” 

None of the rabbit sera agglutinated the cells treated with PR-8, Lee, nor NAF 
The results mth the NDV-treated cells were qmte different and are presented in 
figure 1 It will be seen that the normal rabbit serum contained agglutinins that 
were remov ed w hen the serum was absorbed with chick tissue The anti-NAF, 
anti-PR-S, and anti-Lee sera also contained agglutinins that were removed by 
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Rbsorption ^s ilh elude tissue The nnti-NDV sera, which were made m a fashion 
identical lo the anti-Lce, contained an even greater concentration of agglutinins 
Hov over, these v ere not completely removed by absorption 
The agglutinins present in normal rabbit sera may be “T” agglutinin, as sug- 
gested by Burnet and Anderson (1946) This is a factor wluch is present in 
varying titers in practically all human and many mammalian sera and is re- 
sponsible for the nonspecific agglutination of human blood cells by sera con- 
taminated vath certain bacteria This phenomenon was first desenbed by 
Thomsen in 1926, and shovm to be duo to a bacterial enzyme by Fnedenrich in 
1927 The presence of antichick agglutinins in the rabbit sera prepared by in- 
jecting these animals with cluck allantoic fluid is readily understood The ag- 
glutinating factor (or factors) for NDY-treated cells remaining in the anti-NDV 
sera after absorption vath cluck tissue indicates that, in addition to the agglu- 


5120, 



Honnal Anti-HAF Anti-PRS Anti-Lee Anti-KDV 

Figure 1 Agglutination by rabbit sera of human cells treated with NDV 


timns present m the normal and other rabbit sera, these anti-NDV sera contam 
a specific factor for some component of NDV-treated cells 

In one expenment, group A and 0 human cells were treated vath NDV and 
tested against the same rabbit sera It was found that after absorption with 
chick tissue, anti-NDV sera gave identical titers vath either the 0- or A-treated 
cells Consequently, some factor other than the group substance present m 
these cells is modified by treatment vath NDV and is acted upon by these sera 

III Comparison of Human Infectious Mononucleosis Serum and 
Anti-NDV Rabbit Serum 

Anti-NDV rabbit serum not only contains agglutinins for NDV-modified 
human cells, but also specific agglutination-inhibition antibodies for NDV It 
was, therefore, of mterest to deternune whether human sera that contam ag- 
glutimns for these modified cells also have NDV agglutmation-inhibition anti- 
bodies 

For this expenment three sera were selected, one from a normal man, one 
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from a patient mth infectious mononucleosis and a high NDV-modified cell ag- 
glutination titer, and one from a rabbit immunized against NDV Aggluti- 
nation-mhibition titrations were performed as descnbed in detail elsewhere 
(Florman, 1947) Senal dilutions of each serum were made in 0 2 ml of a virus 
preparation contaimng 32 agglutinating units The mixture was incubated in a 
37 C water bath for 60 minutes The tubes were then chilled and to each were 
added 0 4 ml of a 1 5 per cent suspension of chicken cells After 60 minutes at 
4 C, the tests were read by obsemng the nature of the sediment The highest 
serum dilution showing less than +2 agglutination was considered as the end 
pomt The ND'\''-treated cell agglutmations were conducted as m the preceding 
experiments 

The results are given in table 3 It is seen that, although both the rabbit 
anti-NDV serum and the human infectious mononucleosis serum contained com- 
parable agglutmins, only the rabbit anti-NDV serum had the NDV agglutination- 
inhibition antibody Similar exiieriments have since been published by others 

TABLE 3 


Comparison of NDV agglulinalion-inhibition antibody and agglutinin titers for 
NDV -modified human cells 


snsA 

NDV A I TiTEt 1 

NDV MODiriED CXLL ACOLUTININ 
■nTER 

No 17, Normal human 1 

1 16 

<1 20 

No 19, Infectious mononucleosis j 

1 <1 4 

1 320 

R-413, Rabbit anti-NDV 

1 1,024 

1 640 


(Anderson, 1947, Evans and Cumen, 1948) They, too, indicate that NDV ag- 
glutination-inhibition antibodies are not present m the sera of patients with in- 
fectious mononucleosis 


DISCUSSION 

It has already been indicated that sera from individuals other than those 
convalescing from infectious mononucleosis occasionallj may agglutinate NDV- 
treated human red blood cells It should also be noted that not all sera from 
indn iduals with this clinical sjmdrome exhibit this phenomenon Our personal 
ex-penence has been limited to a study of sera from only 6 such patients (table 2) 
However, the results in the 13 cases reported by Burnet and Anderson (1946) 
and in the 23 patients of Evans and Cumen (1948), w'hich represent the only 
other published studies, may be added to our 6 cases and summarized It is thus 
found that only 15 of 42 patients (35 per cent) gave reactions w'lth sera diluted 
1 120 or higher This maj' be compared wnth the fact that in this dilution the 
sera of 29 of these indmduals (70 per cent) gave positive sheep cell heterophile 
reactions 

A satisfactorj explanation for the agglutination of NDV-treated human ery- 
throcjdes is not vet available The possibility that this agglutination is but 
another manifestation of the heterophile antibody content of the sera is readily 
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excluded Humm sera that m high dilution 'igglutinate the NDV-mod- 
ficd human cells may fad even in lm\ dilution to agglutinate sheep cells Simi- 
larl}' sera inth high hcterophile titers may not contain any appreciable concen- 
tration of the agglutinating factor for the NDV-modified cells Direct proof of 
the difference betiieen these tiio factors was obt lined by us and by othei-s 
(Anderson, 1947, E\ ans and Curnen, 1918) by absorption From a patient Mho 
had recovered from infectious mononucleosis a serum was obtained that had 
a lugh heterophile titer ns mcII ns a liigh titer of agglutinating factor for NDV- 
treated cells WHicn this serum Avas absorbed wath sheep cells so that the het- 
erophile antibody w as completel}" removed, the titer of the agglutinating factor 
for NDV was unaffected Similarly, if the serum was first absorbed with NDV- 
treated human cells, the heterophile antibody titer for sheep cells remained un- 
changed 

It has been demonstrated Math \arious rabbit seia that the agglutination of 
NDV-treated human colls maj’’ be brought about by a vanety of serum factors 
These may include antichick tissue agglutinins, “T” agglutmins, and specific 
anti-NDV antibod}’- It m ould therefore seem logical to assume that human sera 
may also contain a number of factors each capable of mducmg the reaction The 
failure of the postinfectious mononucleosis sera to react with human erythrocytes 
that have been treated Math NAF, or Math such fluid containing mfluenza nrus, 
may be taken to mean that they do not contain any considerable amount of 
antichick agglutinin We did not imestigate their “T” agglutimn content 
HoMever, Lind and McjVrthur (1947) found that most adult sera contam some 
The observation that a serum from a patient with infectious mononucleosis 
with a high titer of agglutinating factor for NDV-treated human cells difi'ers 
from a rabbit anti-NDV serum Math a comparable titer m not conta inin g any 
anti-NDV agglutination-mhibiting antibody is significant It limits the degree 
of similanty betMeen the etiologic agents of these two diseases However, it 
does not exclude the possibility of an antigemc relationship 

SXJMMARTi 

Sera from patients Math infectious mononucleosis, which agglutmate human 
red cells modified Math NeM'castle disease virus (NDV), do not agglutmate human 
cells modified by PR-8 or Lee viruses or by normal allantoic fluid (NAF) 

Not all patients with infectious mononucleosis develop the capacity to ag- 
glutinate NDV-treated cells Serum from an occasional patient with hepatitis 
or serum sickness may also agglutmate these cells 
Anti-ND'^'’ rabbit sera contain several agglutmatmg factors for NDV-modified 
erythrocytes, at least one of which appears to be specific The agglutmatmg 
factors m anti-PR-8, anti-Lee, and anti-NAF rabbit sera are aU removed by 
absorption with normal chick tissue 

Serum from a patient convalescmg from infectious mononucleosis that has a 
titer for NDV-modified cells comparable to that of an anti-NDV rabbit serum 
differs from the latter m that it does not contam any NDV agglutmation-inhi- 
bition antibody 



38 


\LFKED L FL0RJL\:N 


[voL 57 


REFERENCES 

A>DEnsoN,S G 1947 The reaction between red cells and -inriises of the influenza group — 
studies with the Newcastle disease virus Australian J EvptI Biol Med Sci , 26, 
163-174 

Burnet, F M , k\v> Anderson, S G 1946 Modification of human red cells by virus 
action II \gglutination of modified human red blood cells by sera from cases of infec- 
tious mononucleosis Brit J E\ptl Path , 27, 236-244 

D^ns, B D 1944 Biologic false positive serologic tests for sj^philis Medicine, 23, 359- 
414 

Evans, A. S , and Curn*en', E C 194S Serological studies on infectious mononucleosis 
and other conditions with human erj throcytes modified by Newcastle disease virus J 
Immunol , 68, 323-335 

Flormvn, a L 1947 Hemagglutination with Newcastle disease virus (NDV) Proc 
Soc Evptl Biol Med , 64, 45S-463 

Havens, W P , Jr , Gaitbescia, J M , and Knowltov, M 1948 Results of heterophile 
antibodj' agglutination and Kahn tests in patients with viral hepatitis Proc Soc 
Evptl Biol Med , 67, 437-440 

Kaufman, RE 1944 Heterophile antibody reactions in infectious mononucleosis Ann 
Intern Med , 21, 230-251 

Lind, P E , and McArthur, N R 1947 The distribution of “T” agglutimns in human 
sera Australian J Evptl Biol Med Sei , 26, 247-250 

Thomas, L , Mirick, G S , Curnev, E C , Ziegler, J E , and Horsfall, F L , Jr 1943 
Serological reactions vnth an indifferent streptococcus in pnmary at 3 ipical pneumoma 
Science, 98, 566-568 

Young, L E 1916 The chmeal significance of cold agglutimns Am J Med Sci , 211, 
23-39 



STUDIES OF A PURINE-REQUIRING MUTANT STRAIN 
OF ESCHERICHIA COLI 

ROBERT GUTHRIE 

Experimental Biology and Medicine Insliluic, National Institutes of Health, 

Dethesda, Maryland 

Rccei\cd for publtcition September 23, 1948 

The production and isolation of mutant strains of Escherichia coh requiring 
for gro\\ th an exogenous source of an ammo acid, B \ itamin, purine, or pynmidme 
hax e been reported bj' several investigators The results have been summarized 
in a recent review (Tatum, 1940) Such strains have been used recently for the 
assay of ammo acids (Lampen and Jones, 1947, Lampen, Jones, and Perkms, 
1947) 

The present paper deals with a purme-requirmg strain of E coh, 9661-01, 
vhich vas isolated following treatment with ultraviolet light Under the con- 
ditions described herein, growth of this organism occurred only when any one of 
the purine bases, adenine, guanine, xanthine, or hypoxanthme, vas present 
Within limits, the amount of groirth x\as lelated to the amount of punne added 

Various purine bases have been described as either stimulatory substances or 
as essential growth substances for a number of bactena (Peterson and Peterson, 
1945) Pappenheimer and Hottle (1940) have described a stram of group A 
hemolytic streptococcus vath a requirement for purines that is qualitatively sirm- 
lar to that of E coh 9661-01 Tatum (1946) has produced a mutant stram of 
E coh vath nitrogen mustard that requires punne Any one of the four punne 
bases listed above is active Mitchell and Houlahan (1946) have emplo 3 ’’ed a 
mutant of the mold, Neiirospora, for the bioassay of ademne plus hypoxanthine 
m tissue extracts 

It is not intended m this report to propose the use of E coh 9661-01 m the 
routine assay of punne bases However, it is felt that the nature of the punne 
requirement of this orgamsm appeared to be such as to warrant further mvesti- 
gation of its use for assay of natural materials for punne content 

The stability of the requirement was such that httle difficulty was encountered 
m maintaimng this mutant strain m the laboratorj’- Studies of the conditions 
imder which reversion to a punne-mdependent type occurs, are described 

METHODS 

Isolation of organism An arginme-requmng stram of E coh ATC9661, iso- 
lated by Roepke, Libby, and SmaU (1944), was used for the production of nu- 
tntionally deficient daughter strams 

For the isolation of nutntional mutants from a suspension that had been ir- 
radiated vath an ultraviolet germicidal lamp, the “layer-plate” techmque of 
Lederberg and Tatum (1946) was employed E coh 9661-01, isolated m this 
manner, was found by a modification of the “auxanographic” plate method 
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(Lederberg, 1946) to require purine for groirth m the “muiimal” glucose salts 
medium (medium A, table 1) Adenme, guamne, \antlime, or h5q)o\antlime 
each permitted groB-th when added separate!}' to this medium At a later date 
it B as discoA ered that this stram did not reqiure argmme The reason for the 
loss of the argimne requirement m 9661-01 is not known Howe^nr, a culture 
of the pirent stram, 9661, lost its requirement for argmme on two different oc- 
casions dunng transfer on meat infusion agar slants m this laboratory When 
companson with the wild-type E coli was desued, stram ATC9723 was used, 
since it is this strain from which stram 9661 was produced 


T4BLE 1 

Composition of basal media A* and B 


! 

CO ~5TULLNT | 

11 

AJOeVT PER 500 j 
la. or DOUBLE ‘1 

STRENGTH HTDICM ‘ 
J 

j 

1 

1 COSSnTUTNT 

1 

AMOUNT PER 500 
ML or DOUBLE 
STRENGTH MEDIUM 

NH.Clt 1 

5 0 g ] 

Uracil ^ 

10 mg 

XH,XO, 

1 0 g 1 

Th\amne1i 

10 mg 

Xa SO, j 

20g 

Thiamine** 

0 2 mg 

MgSO, "H 0 

0 1 g 

Riboflavin** 

0 2 mg 

K-HPO, 

3 0 g 

Xicotinic acid** 

0 4 mg 

KH PO, 

1 0 g 1 

Calcium pantothenate** 

0 4 mg 

Glucose (anhydrous, Merck) 

5 0 g 1 

Biotin** 

0 01 mg 

Trace clement solutiont 

1 0 ml 1 

Pterojlglutamic acid** 

0 01 mg 

Acid hidroli 2 cd\atamin-frec 

1 

p-Aminobenzoic acid** 

0 01 mg 

casein, 109 c§ 

50 0 ml 1 

PjTidoxine** 

0 2 mg 

L-C\stinei 

200 mg j 

1 Inositol** 

0 4 mg 

nir-Tnptophan'i 

1 200 mg 

j pH adjusted to 6 8-7 0 



• The first S ingredients constitute medium K 
t 4.11 salts were of cp reagent qualitj 

t Horowitz, X H , and Beadle, G W , 1943, J Biol Chem i50 325 
§ Snell, E E , 1947, Biol Si-mposia, 12, 189 
Solutions of 10 mg per ml were used 
Solutions of 1 mg per ml were used 

•• A single solution containing all of the \utamius i\as prepared m such a manner that 
10 ml IS equu alent to the amounts in the table This was kept at 5 C and renewed monthly 

Xo differences were found between strains 9723, 9661, and 9661-01 when tested 
b} the usual bactenological entena for E coli-comrmimor including tests for 
abilit} to ferment 14 carbohydrates 

Slocl cultures and mocula The stock cultures were maintained on horse meat 
infusion agar slants For each experiment, a stock culture kept m the cold room 
was transferred twice on agar slants After an mcubation penod of 16 to 20 
hours, cells from the second slant cultiue were washed once in sahne and resus- 
pended m 10 ml Under these condtions, the turbidity of the inoculum usually 
gaA e a reading of the order of 20-25 on the gah anometer scale of the colonmeter 
(EAch'n, 660 filter) One drop of the inoculum was pipetted mto each tube 
Media Two basal media were used for the ex^penments Medium A is a 
simple glucose salts mixture (Gray and Tatum, 1944) but medium B is a more 
comnlax purme-free medium (table 1) 
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Spcctficitij of (he Purine Requirement 

Several substances (other than the four purine bases) were tested separately 
in tubes of medium A and medium B foi their effect upon the requirement of 
strain 9G61-01 for purine Uiic acid, theobromine, theophylline, barbitunc acid, 
caffeine, 5(4)-amino-4(5)-imidazolecarbo\imide,^ cytosine, xanthopterin, his- 
tidine, argimne, alloxan, hydantom, nllantoin, creatinine, desoxyribose nucleic 
acid,- and ribonucleic acid vere unable to replace guanine, nor did they 
antagonize its utilization v hen tested separately in medium B containing 2 5 X 
10~* M guanine Ribonucleic acid gave slight growth on occasion, which might 
have been due to the presence of traces of free purine Acid hydrolyzates of 
the nucleic acids permitted good growth The nucleic acids were tested m 
amounts of 2 mg per 10 ml , m the case of each of the other substances, 0 1 mg 
was used 


Growth Response to the Purine Bases 

Assay procedure The usual microbiological assay techmques were employed 
The double strength basal media vere dispensed in 5-ml amounts in colorimeter 
tubes Test solutions and water were added to make a final volume of 10 ml 
All tubes were prepared m duplicate The colorimeter tubes had previously 
been selected to agree mthm 2 units on the galvanometer scale In all experi- 
ments the tubes were stenhzed by autoclaxnng 15 minutes at 15 pounds pressme 
and, after inoculation, were incubated at 37 C The results were usually 
recorded at several intervals from 12 to 24 hours, but the results after 16 hours’ 
mcubation were considered most reliable for medium B For expenments with 
medium A an incubation period of at least 24 hours was usually required to en- 
sure maximum response 

Growth curves Figure 1 shows for strain 9661-01 the curves of growth response 
to each of the four purine bases, and to an equimolar mixture of all four sub- 
stances, when these were added to medium B in the vanous amounts mdicated 
in the figure These growth curves are of the type exhibited by many assay 
orgamsms foi required substances 

Stability of the Punne Requirement 

Reversion in assay tubes If the assay tubes contaimng medium B were allowed 
to undergo mcubation beyond the period for assay, heavy grondh frequently ap- 
peared m tubes that contained limitmg concentrations of punne Such behavior 
m other mutant strains of E coli has been described as “back-mutation” (Ryan, 
1946) It IS assumed that this behavior is due to the occurrence m the popu- 
lation of mutant cells that have reverted to the wild type, m the sense that they 
appear to have regained the abihty to synthesize punne This behef is supported 
by experiments m which colonies appearing on plates of purme-free medium 
seeded with strain 9661-01 (table 5) were picked and shown to consist of cells 

1 Kindly supplied by Dr William Shive Postulated by him as a possible precursor for 
biological synthesis of punnes (Shive el al , 1947) 

s Kindly supplied by Dr J P Greenstein 
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(Lederberg, 1946) to require purine for growth m the “minimal” glucose salts 
medium (medium A, table 1) Adenine, guanine, \antlime, or hypoxanthine 
each permitted groivth ^\hen added separately to this medium At a later date 
it •uas discoxeied that this strain did not require arginine The reason for the 
loss of the aigmme requirement in 9601-01 is not knoivn However, a culture 
of the parent strain, 9661, lost its requirement for arginine on two different oc- 
casions during transfer on meat infusion agar slants in this laboratory When 
comparison with the wild-type E coli was desired, strain ATC9723 was used, 
since it is this strain from which strain 9061 was produced 


TABLE 1 


Composition of basal media A* and B 


COl STITUENT 

A-10DI*T PrR 500 
IfL OF DOUnLE 
i STBEhCTII UFDIDM 

NaClt 

5 0 g 

NILNOi 

1 Og 

Na^SO, 

1 2 Og 

MgSOi 7H 0 

1 0 1 g 

KjHPO, 

’ 3 Og 

IGH,PO, 

I 0 g 

Glucose (anhydrous, Merck) 

■5 0 g 

Trace element solution! 

1 0 ml 

Acid-hydrolizcd vitamin-freo 


casein, 10%§ 

50 0 ml 

L Cjstinell 

200 mg 

DL-Tryptophanll 

200 mg 


1 

CO STlTUrST 

AMOUNT PER 500 
ML or tKJOBLE 
ETRZNCTn MEOnJl 

Uracil H 

10 mg 

Thjmine^ 

10 rag 

Thiamine** 

0 2 mg 

Riboflavin** 

0 2 mg 

Nicotinic acid** 

0 4 mg 

Calcium pantothenate** 

0 4 mg 

Biotin** j 

0 01 mg 

Ptcrojlglutamic acid** 

0 01 mg 

p Aminobenzoic acid** 

0 01 mg 

Pyridoxinc** 

0 2 mg 

Inositol** 

0 4 mg 

pH adjusted to C 8-7 0 



* The first 8 ingredients constitute mcdiuni A 
t All salts were of cp reagent qualitj 

t Horovntz, N H , and Beadle, G W , 1943, J Biol Cheni IDO 325 
§ Snell, E E , 1947, Biol Sjmposia, 12, 189 
II Solutions of 10 mg per ml ere used 
^ Solutions of 1 mg per ml were used 

** A single solution containing all of the vitamins vas prepared in such a manner that 
10 ml IS equivalent to the amounts in the table Tins was kept at 5 C and renew cd monthlj 


No differences were found between strains 9723, 9061, and 9601-01 when tested 
by the usual bactenological criteria for E coli-comvmmor including tests for 
ability to ferment 14 carbohydrates 

Stoch cultures and inocula The stock cultures were maintained on horse meat 
infusion agar slants Foi each experiment, a stock culture kept in the cold room 
was transferred twice on agar slants After an incubation penod of 16 to 20 
hours, cells from the second slant cultuie were v ashed once in saline and resus- 
pended in 10 ml Under these condtions, the turbidity of the inoculum usually 
gave a reading of the order of 20-25 on the galvanometer scale of the colonmeter 
(Evelyn, 660 filter) One drop of the inoculum was pipetted mto each tube 
Media Two basal media were used for the expenments Medium A is a 
simple glucose salts rmxture (Gray and Tatum, 1944) but medium B is a more 
complex purme-free medium (table 1) 
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Sprctficihj of (he Pvnnc Requirement 

Several substances (other than the four punne bases) were tested separately 
m tubes of medium A and medium B for their effect upon the requirement of 
strain 9GG1-01 for purine Uric acid, theobromine, theophylline, barbitunc acid, 
caffeine, 5(4)-amino-4(5)-imidazolecarbovimide,‘ cytosine, xanthopterin, his- 
tidine, arginine, alloxan, hydantoin, allantoin, creatinine, desoxyribose nucleic 
acid,* and ribonucleic acid vcrc unable to replace guanine, nor did they 
antagomze its utilization vhen tested separately in medium B containing 2 5 X 
10~' M guanine Ribonucleic acid gave slight groiv th on occasion, which might 
have been due to the presence of traces of free purine Acid hydrolysates of 
the nucleic acids permitted good groudh The nucleic acids were tested in 
amounts of 2 mg per 10 ml, in the case of each of the other substances, 0 1 mg 
vas used 


Growth Response to the Purine Bases 

Assaij procedure The usual microbiological assaj’’ techniques were employed 
The double strength basal media v ere dispensed in 5-mI amounts in colorimeter 
tubes Test solutions and ■nater were added to make a final volume of 10 ml 
All tubes were prepared in duplicate The colorimeter tubes had previously 
been selected to agree w ithin 2 units on the galvanometer scale In all expen- 
ments the tubes w'ere stenhzed by autoclaving 15 minutes at 15 pounds pressure 
and, after inoculation, were meubated at 37 C The results were usually 
recorded at several intenmls from 12 to 24 hours, but the results after 16 hours’ 
mcubation wnre considered most reliable for medium B For expenments with 
medium A an mcubation period of at least 24 hours was usually required to en- 
sure maximum response 

Growth curies Figure 1 shows for strain 9661-01 the curves of growth response 
to each of the four punne bases, and to an equimolar mixture of all four sub- 
stances, when these were added to medium B in the vanous amounts indicated 
m the figure These growth curves are of the t 3 q)e exhibited by many assay 
orgamsms for required substances 

Stability of the Punne Requirement 

Reversion in assay tubes If the assay tubes containing medium B were allowed 
to undergo incubation beyond the period for assay, heavy growth frequently ap- 
peared in tubes that contamed hmitmg concentrations of purine Such behavior 
m other mutant strains of E eoli has been desenbed as “back-mutation” (Ryan, 
1946) It IS assumed that this behavior is due to the occurrence in the popu- 
lation of mutant cells that have reverted to the wild type, in the sense that they 
appear to have regained the abihty to synthesize purine This belief is supported 
by experiments in which colonies appearing on plates of purme-free medium 
seeded with strain 9661-01 (table 5) were picked and shown to consist of cells 

1 Kindly supplied by Dr William Shive Postulated by him as a possible precursor for 
biological synthesis of punnes (Shive el al , 1947) 

• Kindly supplied by Dr J P Greenstein 
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nq..-,n^ t " ? ? * rove/ ted colonies were picked and tested in the 

Jiiolcriological media All gave reactions typical for E coh-communior 



/ xQurc I Crott th response of Cschcrtchxa colt 9CCI-0I to purines m medium B 


TAI3LC 2 


Occurrence of recereion in assaij tubes containing medium B 


CCA* I r 10 ‘u 

0 M\ A OUrTTR »r ADIVC ArTCB HOURS Of ISCUDATIOV IffDICATED 


i« 

la 

tl 

2G 

48 

0 0 

OS, 99 

9), 9S 


40, 98 

47, 64 

0 '5 

02, 0*1 

93, 90 


92, 95 

86, 69 

1 0 

02, 93 

92, 93 


92, 93 

82, 85 

I 5 

S9, 90 

67, SS 

74, 7S 

S7, S8 

63, 63 

2 0 

83, 81 

82, 82 

80, 81 

DC, 78 

62, 79 

2 5 

78, 82 

75, SO 

73, 79 

72, 77 

75, 81 

3 0 


70, 77 

71, 71 


73, 74 

d 0 


72, 74 


04, 05 

08, 09 

5 0 


57, 57 

68, 58 

57, 58 1 

01, 62 


A \nluo of 300 denotes complete nbsonce of turbidity 
FiRures in italics denote occurrence of reversion 


The frequency of reversion does not appear to be sufficiently great to affect 
the reliability of the assay results This is indicated in tabic 2, which gives the 
data from a typical o\penment in which galvanometer readmgs of tubes were 
recorded at frequent intervals during incubation The italicized values denote 
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reversion It is njipnrent that llie results of an assay may be recorded after 16 
hours of incubation without interference due to icveision of the assay organism 
Similar results were obtained repeatedly with each of the four purine bases, as 
veil as for a mixture of them, when used to supplement medium B Reversion 
was found to be extremely rare m medium A, as compared -with medium B 
This difference m the tvo media is shown m table 3 


TABLE 3 

Difference in frequency of reversion in lubes conlaintny medium A and medium B* 



TUBES SnOWlNO 
REVERSION 

TOTVL TUBES 

PER CZKT 
REVERSION 

Medium A 

3 


1 4 

Medium B 

98 


57 6 


* Table includes data for all concentrations of purine at which reversion occurred 
(0-4 X 10"‘ m), and for each of the four purine bases 


TABLE 4 

Turbidity produced during serial transfer in medium A eontaining a suboptimal eoneenlration 

of guanine (09 X 10~^M) 


TRANSFER NO 

CAU AKOlTETEIt SEADmO AITE* 48 HOURS* 

STRAIN 9661 01 

STRAIN 9723 

It 

2 

82 

70 

3 

80 

07 

4 

80 

08 

5 

87 

08 

6 

88 

08 

7 

85 

74 

8 

90 

71 


* The tubes were kept at room temperature for a period of about 1 month after the 2- 
day incubation penod Increased growth was never observed in any of the tubes 

t A large loopful from a fresh agar slant culture was used as an inoculum, therefore the 
turbidity v as not recorded For the succeeding transfers 1 0 ml of the preceding culture 
was used Transfers were made at approximately 48-hour intervals 

When strain 9661-01 was subjected to senal transfer of a heavy inoculum in 
suboptimal concentration of a required metabohte, heavy growth ocemTed upon 
the second transfer in medium B In this process, 1 0 ml of a 10-ml liquid cul- 
ture conta inin g 20 pg of guanme (0 9 X 10~‘ m) was transferred to a second tube 
of the same medium A parallel senes was conducted with strain 9723 How- 
ever, the same experiment with medium A gave completely negative results 
even after the eighth transfer (table 4) These results agree with the low fre- 
quency of reversion encountered in tube assays with medium A 
The very low incidence of reversion to purine synthesis m tubes of medium A 
with limitmg concentrations of purine, as compared to frequent reversion m 
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modium B undci the s.ime conditions, maj' lie explained cither on the basis of 
ditTcicnt selcption pressures m the two media or to an actual difference m “re- 
verse mutation” rates The selective effects and the rc\ersc mutation rates m 
the tuo media arc being studied and mil be the subject of a subsequent report 
\n ittempt will also be made to elucidate the component, or components, of 
medium B that arc responsible for the higher reversion frequencj' m this medium 
Frequena/ of rci cried cells &c\ ernl attempts w'ere made to estimate the fre- 
quenev of reverted cells in the stock meat infusion medium inoculated with 
btriin OGGI-Ol by using a plate technique similar to that desenbed elsewhere 
(I^wis, lOGl, Lederborg and T'>tum, 191G, R}an, 194G) V large number of 
w''‘.Iicd ceils were diluted bv multiples of ten and seeded into a punne-free agar 
medium and also into a meat infusion agai medium Prom a comparison of the 
number of coloni&s that ippcared m the plates of the complete medium with the 
number in the purmc-frcc medium, the incidence of punne-s'vmthesiTing cells svas 
cilcuhtcd (t iblc 5) as approximately J0~' 


TABLE 6 

1 elniiatiorj of the frequency of reverted cells tn strain 06GJ-OJ cultures on meal infusion 

ayar slants 


msTO»\ nr eVLTutr TtsrrD 


Stock culture from cold room 
12th daih scrinl transfer on stock ngnr 
slants 

Lolntcd b} ln\cr plate “purification” 
(sec text) 


Toni CTMtts or ' 
crus nsTtt)’ j 

552 X 10 

2S0 X 10 

212 X 10' 


sciuJEK or Moposnos or 

trxxRTTJJ Cllii. ( I SSVKSJZD CELLS 

39 1 0 71 X 10-' 

I 

29 1 1 X 10-' 

310 1 0 X 10-' 


• Plate counts of cell suspensions made with meat infusion medium in plates 
t Plate counts of same suspensions m idc mth punne free medium A in plates 


As max be seen in t aide o, the frequency of rex erted cells appeared to be of the 
s imo order of magnitude m cells dcnx'cd from either a stock culture kept m the 
< old room, i fresh culture with a Instorj of 12 consecutixe daily tiansfers on the 
agar slant medium, or from a “punfied” culture that was freshly isolated from a 
Lederberg-Tatum layer plate (Lcderberg and Tatum, 1946), xvherem the colonj 
from which the culture xvas isolated had appeared only aftei the addition of 


punne to the plate 

Rncrsion in stock cnUitrcs Tw o instances of stock agar slant cultures m which 
the proportion of punne-mdependent cells seemed to be greater than is usually 
the case have been encountered This xvas showm m both cases by a decreased 
incubation time, aftei inoculation into medium B, before the appearance of heavy 
giowth in tubes that contained a low concentration of punne Such a stoch 
culture may be easily subjected to “punfication” by the layer-plate 
(Lcderberg and Tatum, 194G) wath the object of obtaimng strams in ^ 

incidence of punnc-sjmlhesizing cells may be reduced to the usual level (10 ) 
This technique might be emplojmd wath any stram of bactena use m mi 
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biological assAj's that has a tendency to lose a given nutnent requiiement duiing 
subcultuie 

Reversion as related to punne concentration During several experiments it 
vns observed that when only those tubes of medium B vhich contained definitely 
suboptimal concentrations of purine (less than 25 X 10~® m) were consideied, 
the proportion of tubes shomng reversion to purine independence (heavy tui- 
bidity) appeared to be greater at the lowest concentration of purine This was 
true aftei the tubes were incubated several days beyond the usual period of 48 
to 72 hours The data arc shown in table 6 The frequency of reversion at the 
lov er concentrations of punne is significantly greater by the test than the 
frequency at the higher concentrations 

It is interesting to compare the results m table 6 ivith those obtamed by Ryan 
(1946) for the leucineless Netirospora strain 3S757A637-A Ryan found that, 
contrarj" to his expectation, “adaptation” frequency at limiting concentrations 
of leucine vaned inversely mth the amount of leucine present m the medium 


TABLE 6 

Reversion as related to punne concentration in medium B 


nr* U COANIKE 

KcrnncK OF TunES 

1 

or SEVEKSIOKS j 

P£K czm EEVEESION 

0-0 6 

64 

40 

74 

1 6-2 5 

44 

14 

32 


He found that the reverted mycelium was that of a heterokaryon contaming 
leucineless and leucme-synthesizing nuclei, and that the growth of this hetero- 
karyon was suppressed by added leucine 

SUMMARY 

A pmane-requinng mutant strain of Escherichia coh has been isolated Among 
compoimds tested, only the punne bases, adenine, guamne, xanthme, or hypo- 
xanthme, permitted growth of this organism 

Withm limits, growth was proportional to the amount of added punne base 
This was the case for each compound added separately, or for a mixture of all 
four 

The stabihty of the punne requirement was such that httle difficulty was en- 
countered m mamtaimng the mutant strain Reversion to purme independence 
occurred, but upon the basis of present lesults it would appear that this could 
not senously affect the use of the orgamsm for the assay of purmes 

The frequency of reverted cells on the stock culture medium was studied and 
estimated to be of the order of 10~® This frequency was not significantly altered 
by senal transfer on this medium 

The frequency of reversion was found to be related mversely to the concen- 
tration of punne 

Upon prolonged mcubation at hrmtmg concentrations of purme, reversion was 
frequent in a medium containing hydrolyzed casern, B vitamins, and pyximidmes 
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l)ut was rare m a simple glucose salts medium This difference was also found 
to c\ist m a serial transfer e\penment 
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Although the therapeutic value of sulfur and its inorganic compounds has 
long been recognized in the field of plant pathology, it is only in recent years 
that workers in this field of chemotherapy have turned their attention to the 
study of organic derivatives of this element Since the introduction of the 
first promising compounds of this type in 1934, however, intensive study of the 
organic sulfurs has been conducted throughout the world, with the result that a 
number of these compounds are now of great economic importance as plant 
fungicides 

Among the most promising and the most thoroughly studied of the vanous 
chemical types of organic denvatives of sulfur that have been mvestigated by 
the plant pathologists are the derivatives of dithiocarbarmc acid — ^i e , the 
dithiocarbamate salts and the thiuram mono- and disulfides It is surprising 
in view of the e\tensive study that these denvatives have received as botamcal 
chemotherapeutic agents, and especially considering the general antimicrobial 
activity that they have demonstrated, that they have received httle attention 
from workers m the field of human chemotherapy 

The activity of several of these compounds against human pathogens was 
first noted m these laboratories m 1938 by Dr M J Hall (unpublished work) 
and later studied in more detail by the present authors m investigations beginmng 
in 1943 The latter studies, concerned with the general in mtro antibacterial 
and antifungal activity of dithiocarbamate derivatives against human pathogens, 
form the basis for this and the succeeding papers of this senes 

The dithiocarbamates and their thiuram sulfide derivatives have long been 
known to the organic chemist, and since 1918 a number have been of great in- 
dustrial importance m the rubber industry where they have been used in large 
quantities as vulcamzation accelerators In the biological field the pharmaco- 
logical properties of several of the thiuram derivatives were described as early 
as 1921 by Hanzhk and Irvine, their major development m this field, however, 
awaited their imtial disclosure as antifungal agents in the patent literature by 
Tisdale and Wilhams (1934) The extensive laboratory and field investigations 
that these compounds have since received have shown them to be of consider- 
able value in the control of vanous fungus diseases of plants, with the result 
that several are now being used in tremendous quantities for this purpose 
(Horsfall, 1945) Several derivatives, in particular tetramethyl and tetraethyl- 
thiuram monosulfide, have also shoivn activity as contact poisons on soft- 

47 



CATHI ItIM u MIJUU \M> MIFMAM O I f.SON 


[voL 57 


'IS 

l)0(]i£‘fl Jirifl tptrinu'iJnhhiuriw clriillirlc lim hrcn to he an ex- 

c(’j)tioii'ill\ 'irluo in*-! t l-f( f din;' irilid^itnr Jdir^f h imo compounds arc also 
reported to he (o\ir to niito tli it infr .t plants and aniinsls ri'isdale and Flenncr, 
1 ') 12), and tlie\ li'i\ e het n ti'-f d h\ f lor.Ion e/ o/ (JO 1 1) to ( ont rol hnni'in f'e.djic^ 
'I i^-d vie 'ind I lenner (1012) st ite that tf Ir mu l)i\ Ithiur irn inononiilfidr h is been 
found tn'ftil in eoritroIIinK siipfr/uiat infer lions m man, but the; pre ent no 
rl'it I firrt iimnp to thn ’irtnit\ In i rrtent p ipr r ICIi;'mnn and Ilo cnwoig 
(lOlS) (If'inlx tlie lulnit; of four rliiiutinl dilhior arbarnate «ilts against 
H\eril p itliogi nu fungi and roniin»nt on thnr po ^ibh application in humin 
tberap\ 


( II! ‘MSTItl 

J he dithioc irl>iniii<'i and tluir nlif'd thiuruii sulfide compounds, which 
an tlu C'lncirn of thn report, ran be regirdrd m dtn\nti\cs of Iho unstable 
compound dithur irb iinie aficl 

H s 

V 

\ 

N~( — sll 

/ 

II 


'1 lie (hthio''arb un it« studied are salt' of the t\pe 

H, s 

\ 

N—i —^'1 

/ 

1 

III which Hi and H* air all \1 group-i and M is a in' t il ion such is Xn, K, I'*c, 
etc In gciur'l flu - lompoiindt n iili irom tlu inttr'iclion of carbon disul 
fide and primarr or <■( oad ir\ ainin' 

i lit thiiiram tonipcjiincJ-. < in hr loo’ t 1 on 'is oxiil'ition products of substituted 
dithioc irb'ini'itc T '1 hin t' tr vmctlnltlmirain inono^ulfide levs the btructurc 

ClI, S s Gill 

\ r 11 / 

N~( C— \ 


I II. t-Hi 


aiitJ tctrarnetlivlthiiir im disulfide, tin next oxid'ition product, has 


I II. 

\ 

/ 

LII. 


S ^ C II, 

11 !l / 

S— ( _s— s— C ~N 

\ 

Clb 


Since i wide ringc of allol or anl gioiips maj be substituted on the nitrog^ 
atoms m thc'-c compoiiiicls, a great \arictv of dcrnatises of this typo can 
obf lined 
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In general the free ditlnocnrbamic acids aie unstable, and hence their use is 
restricted to their salt forms, which arc stable in the dry state The alkali 
sails of the loi\or acids are white solids that are watoi- and acetone-soluble, the 
heu V metal sails sueh as lead, iron, etc , are compaiatively insoluble in these 
solvenls 

The low Cl thiurim mono- and disulfides are crystalline matenals relatively 
insoluble in w ater and only slightly soluble in such organic solvents as acetone 
and the lower alcohols The higher derivatives, tetraamyl, etc , are viscous 
oilv substances insoluble in w'ater 

nxpnniMENTAL results 

Materials The authors are greatly indebted to Mi R W Sloan of the 
Sharpies Chemical Company and to Dr Arthur Neal of the Du Pont Company 
for their generous help in malving available most of the chemicals used in these 
studies In general, initial studies were made with the purified grades of the 
chemicals supplied b}’’ these manufacturers Those substances showing signifi- 
cant activity w'ere subjected to further purification and recrystalhzation and 
were restudied Manj' of the chemicals studied, however, in particular the 
ditluocarbamate salts and the higher thiuram derivatives, cannot be crystal- 
lized and hence could not be obtained m a state of high punt}’’ 

Anhhaclcnal activity The studies on the antibacterial and antifungal activity 
of the series of compounds reported in this paper were conducted with two ob- 
jectives in mind first, to obtain a general outline of the relation of activity to 
chemical structure in this senes and, second, to aid in the selection of the more 
active compounds for further and more detailed study 

The bactenal inhibition studies were made by the streaked plate method as 
follows Suitable dilutions of the chemical under study were prepared m alcohol 
or acetone and accuratel}’’ pipetted into 20 ml of tryptose agar (Difco) contained 
in tubes maintained at 45 C in a constant temperature bath In this way a 
graded senes of dilutions increasing by a dilution factor of two was obtained 
The mavimum amount of solution added to any 20-ml volume of agar did not 
exceed 0 5 ml (none of the solvents used had demonstrable inhibitory effect at 
this level) After thorough mixing the medicated agar was poured mto plates 
Control plates containing 0 5 ml of the solvent used and others of unmedicated 
agar were included m every experiment 
After solidification of the agar, the plates w^ere streaked with standard 1-mm 
loops of 20-hour glucose broth cultures of the indicated orgamsms The test 
orgamsms weie all oiigmally obtained fiom the American Type Culture Collec- 
tion and bear the identifying legend of that organization 
The inoculated plates were incubated at 37 C and read after 20 hours The 
experimental results are recorded in table 1 as the highest dilution giving com- 
plete inhibition of growth The data presented represent the average of at 
least two determinations and, with most of the active compounds, as many as 
4 to 6 expenments In general, partial inhibition was noted with all active 
compounds at dilutions considerably above those required for complete m- 
hibition 
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was noted -mth the more active compounds at dilutions considerably greater 
than those required for complete inhibition 

Comparative activity with other agents Because of the widely recognized 
vanations that can occur m the determmation of in vitro antimicrobial activity 
m different laboratones as a result of varymg techniques, etc , it was considered 
of mterest to compare the activities of the more active compounds of the senes 
with some of the more generally studied antibacterial and antifungal agents 
In these comparative studies the same media, orgamsms, and techniques de- 
scnbed above were used, so that vahd comparative results were obtained 
Results of these experiments are recorded at the end of tables 1 and 2 

DISCUSSION 

The experimental work detailed m this paper was conducted, as has been 
pomted out previously, to obtam some knowledge of the relation of chemical 
structure to antimicrobial activity m this senes of compounds, and also to aid 
m the selection of the more active compounds for further and more detailed 
study 

In connection with the relation of structure to activity the data obtamed in- 
dicate that with each type of denvative — dithiocarbamate, thiuram monosul- 
fide, and thiuram disulfide — the lower members, i e , the methyl and ethyl 
compounds, are the most active and the higher alkyl denvatives are relatively 
inactive Thus as a general rule m all three senes activity agamst both bactena 
and fungi decreases with the mcreasmg size of the N-substituted groups This 
finding IS m agreement with the observations of Davies and Sexton (1946) in 
their study of the activity of a number of these compounds agamst plant patho- 
gens 

The only notable exception to this rule occurs m the case of sodium dioctyl 
dithiocarbamate The sigmficant activity of this compound is quite surpnsmg 
m view of the apparent low activity of other high alkyl denvatives However, 
the diflSculty of obtammg these higher denvatives m other than impure mixtures 
raises the possibihty that the activity shown might well be due to other com- 
pounds present as contammants 

In the dithiocarbamate senes heavy metal salts such as iron and zinc were 
apparently less active than the sodium salts — ^probably owing to their low solu- 
bihty 

Consideration of the relative activity of the three groups of compounds against 
the bactena studied mdicates that tetramethylthiuram disulfide was the most 
active compound studied, sodium dimethyl dithiocarbamate was next in ac- 
tivity, and tetramethyltkuram monosulfide was relatively low m activity 
The low antibactenal activity of the latter compound is surpnsmg m neu of 
its high activity against the fungi, m which case it compares favorably with 
tetramethylthiuram disulfide Davies and Sexton (1946) m their work with 
plant pathogens also found these compounds comparable m then fungistatic 
activity 

Although little can be concluded regarding the role of specific parts of tnc 
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A7i(iftmqal activity The study of the fungistatic activity of these compounds 
was conducted by methods similar to those used m the antibacterial studies 
Dilutions of the active agent m acetone or in water were added to 20 ml of 
melted Sabouraud agar (Difco) m tubes, so that giaded dilutions increasing by a 
factor of two were obtained, and the medicated agar w’as poured into plates 
after thorough mi\ing After solidification of the agar, water suspensions of 
lO-daj’^ agar slant cultures of the test orgamsms, which had been incubated at 

TABLE 2 

The antifungal activity of dithiocarbamate derivatives 


niCnEST DILUTION IN THOUSANDS CIVINO COMPLETE INDIDITION 



Trt 

chopkytcn 

gypscum 

Epidcr 
mophyton : 
jloccosum 

Hxcro 

sporum 

cants 

Sporo 

Inchum 

schcncktt 

Blastomyces 

dermatthdts 

^ Candida 
albicans 

I Dithiocarbamatcs 







Sodium dimethyl 

40 

160 

160 

mm 

— 

20 

Sodium diethjl 

<20 

20 

20 


— 

<20 

Sodium dibutj 1 

<20 

<20 

<20 

<20 

— 

<20 

Sodium diamyl 

<20 

<20 

<20 

<20 

20 

<20 

Feme dimethjl 

40 

40 

— 

20 

— 

20 

II Thiuram monosulfidcs 







Tetramethj 1 

160 

160 

320 

20 

320 

<20 

Tetraethj 1 

20 


<20 

mm 

40 

<20 

Dimorpholinjl 

<20 


<20 


20 

<20 

Dipentamethj 1 

<20 


<20 

mm 

20 

20 

III Thiuram disulfides 







Tetramethyl 

160 

160 

640 

80 

640 

80 

Tetraethyl 

40 

40 

20 

20 

80 

40 

Tetrapropyl 

20 

20 

<20 

<20 

— 

<20 

Tetraisopropjl 

40 

20 

<20 

<20 

— 

<20 

Tetrabutj 1 

<20 

<20 

<20 


— 

<20 

Tetraisobutyl 

<20 

<20 

<20 

<20 

— 

<20 

IV Other antifungal agents 






1 

Thymol 

40 

40 

20 

20 

320 

<20 

o-Chloromercuriphenol 

40 

40 

20 

20 

1280 

20 

Gentian violet 

60 

60 

— 

— 

— 

200 

Sodium propionate 

3 

3 

— 

— 

— 

<3 


— 3= not studied 


25 C, were streaked on each plate The orgamsms used were chosen to include 
representative superficial and systemic pathogens A control plate of plain 
agar and one contaimng the orgamc solvents used was mcluded m each day’s 
tests The plates were read after 15 days’ incubation at 25 C The results of 
these experiments are recorded in table 2 Because of the difficulty of reading 
partial inhibition, the figures given represent only those dilutions required to 
give complete inhibition In general, the figures given represent the average 
of a mmimum of two determmations and, m the case of the more active sub- 
stances, represent the average of four to five experiments Partial inhibition 
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was noted -mth the more active compounds at dilutions considerably greater 
than those required for complete inhibition 

Comparative adimly with other agents Because of the widely recognized 
variations that can occur m the determmation of in vitro antimicrobial activity 
m different laboratones as a result of varymg techniques, etc , it was considered 
of mterest to compare the activities of the more active compounds of the senes 
with some of the more generally studied antibacterial and antifungal agents 
In these comparative studies the same media, orgamsms, and techniques de- 
scnbed above were used, so that vahd comparative results were obtained 
Results of these experiments are recorded at the end of tables 1 and 2 

DISCUSSION 

The experimental work detailed m this paper was conducted, as has been 
pomted out previously, to obtam some knowledge of the relation of chemical 
structure to antimicrobial activity m this senes of compounds, and also to aid 
m the selection of the more active compounds for further and more detailed 
study 

In connection with the relation of structure to activity the data obtamed in- 
dicate that with each type of denvative — dithiocarbamate, thiuram monosul- 
fide, and thiuram disulfide — the lower members, i e , the methyl and ethyl 
compounds, are the most active and the higher alkyl denvatives are relatively 
inactive Thus as a general rule in all three senes activity against both bactena 
and fungi decreases with the mcreasmg size of the N-substituted groups This 
findin g IS m agreement with the observations of Davies and Sexton (1946) m 
their study of the activity of a number of these compounds agamst plant patho- 
gens 

The only notable exception to this rule occurs m the case of sodium dioctyl 
dithiocarbamate The sigmficant activity of this compound is quite surpnsmg 
m view of the apparent low activity of other high alkyl denvatives However, 
the diflSculty of obtammg these higher denvatives m other than impure mixtures 
raises the possibihty that the activity shown might well be due to other com- 
pounds present as contammants 

In the dithiocarbamate senes heavy metal salts such as iron and zinc were 
apparently less active than the sodium salts — ^probably owing to their low solu- 
bihty 

Consideration of the relative activity of the three groups of compounds against 
the bactena studied mdicates that tetramethylthiuram disulfide was the most 
active compound studied, sodium dimethyl dithiocarbamate was next in ac- 
tivity, and tetramethyltkuram monosulfide was relatively low m activity 
The low antibactenal activity of the latter compound is surpnsmg in neu of 
its high activity agamst the fungi, m which case it compares favorably with 
tetramethylthiuram disulfide Davies and Sexton (1946) m their vork vnth 
plant pathogens also found these compounds comparable m then fungistatic 
activity 

Although little can be concluded regarding the role of specific parts of tnc 
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molecule in dclcrniming activity beyond that given above, it is intciesting to 
note that all the compounds showing significant antibacterial activity in table 
1 contain the 

S 

11 

— c— s— 

group, but the miscellaneous dernatives of thiouiea studied which contain the 

S 

11 

— C— 

group are relatnelj' inactive The significant activity of potassium ethyl 
\anthate is of paiticular mteiest in this connection as this compound and related 
\anthate derivatives ha\e received consideiable attention in plant pathology 
Davies and Sexton (1946) found the xanthates and the xanthyl mono- and 
disulfides to be among the most active fungicides Icnown m this field These 
authors note in their study of the vanous organic sulfur compounds that often 
the oxygen analogues show similai activity, indicating that sulfur pei se makes 
no contnbution to the activity 

Although the number of organisms used in these initial experiments is lela- 
tiveb’’ small, the differences noted in these limited antibactenal and antifungal 
spectra are of considerable mterest in view of the close chemical relationship 
existmg among the three types of denvatives of dithiocarbamic acid studied 
This difference is particularly notable in the case of the fungi Thus, whereas 
both tetramethylthiuram mono- and disulfide were comparable in activity 
against the dermatophytes Tnchophylon gypseiim and Epidermophyton floccosum, 
agamst Sporoinchum schencln and Candida albicans the disulfide was highly 
active (inhibiting both organisms at dilutions of 1 80,000), but the monosulfide 
was relatively low in activity Such differences m actmty in these closely 
related compounds would mdicate that they exert their inhibitory effects, at 
least against some orgamsms, by different mechamsms 

The hmited comparative studies made demonstrate that, although these 
substances are much lower m antibactenal activity than the highly active anti- 
biotics, they compare favorably with such promising chemotherapeutic agents 
as propamidine and furacm 

The comparative studies of the dithiocarbamate denvatives and the several 
well-known fungistatic agents are of particular mterest as they illustrate the 
high order of activity of the sulfur denvatives These chemicals undoubtably 
are far moie potent antifungal agents than the vast majonty of the chemicals 
that have so far been used m human theiapy The relatively high ordei of 
activity of tetramethylthiuram disulfide agamst C albicans is also noteworthy 
in view of the well-known resistance of this oigamsm to most fungistatic agents 
The antibactenal and antifungal activity of the most active compounds of 
this study, sodium dimethyl dithiocarbamate and tetramethylthiuram mono- 
and disulfide, has been subjected to further and more detailed study The 
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results of these investigations "will be reported m subsequent papers of this 
senes 

SUMSIART 

The m vitro actmty of a number of derivatives of dithiocarbamic acid of the 
type that has been found to be a highly active therapeutic agent in the treat- 
ment of microbial infections of plants has been studied agamst representative 
bactena and fungi pathogemc for man 
The generahzations regardmg the relationship of chemical structure to ac- 
tmty that can be draivn from this work are pomted out 
The more active of these compounds show a moderately high bactenostatic 
actmty, comparmg m this regard with such local chemotherapeutic agents as 
propamidine and furacm As fungistatic agents, several of the denvatives 
studied are exceedmgly potent, exceedmg m actmty most of the agents that 
have been used m human therapy 
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In a recent study of the utilization of the nitrogen of hydro\-ylamine and of 
ovimes by Azolobaclcr vinclandii, Novak and Wilson (1948) observed that, al- 
though this organism would not grow in the presence of free hydroxylamine, the 
inhibition disappeared after 2 to 3 days of incubation Preliminary investigation 
indicated that this response arose from decomposition of the free base to nontoxic 
products presumably including ammonia rather than from adaptation of the 
organism to the source of nitrogen Quantitative study of the properties of 
hydroxylamine m aqueous solution has verified this interpretation and has al- 
lowed mvestigation of the possible utilization of the free base or its salts when 
present m nomnhibitory concentrations 

AfETHODS 

Essentially the same methods as those desenbed by Novak and Wilson (1948) 
were used except that when total cell nitrogen was less than 50 micrograms per 
sample the microdiffusion technique of Conway and Bjume (1933) was employed 
Although hydroxylamine in moderate concentration reduces the mercury m 
Nessler’s solution, if the concentration is 20 pg per ml or less it does not interfere 
but reacts quantitatively with the reagent To determme ammoma in the pres- 
ence of hydroxylamine, free hydroxylanune is reduced to the noninterfering level, 
then total ammoma plus hydroxylamine is estimated by the reaction with. 
Nessler’s reagent Free hydroxylamme is determmed by Blom’s (1928) method 
and the ammoma by difference If the concentration of the hydroxylamme is 
too high, either m absolute value or in relation to ammoma (the ammoma to 
hydroxylanune ratio should be at least 5), it is reduced by the addition of pyruvic 
acid to form the oxime 


RESULTS AND DISCUSSION 

Stahilliy of hydroxylamine Although previous mvestigators, for example 
Blom (1928), comment on the instabihty of hydroxylamme, few results are avail- 
able for physiologically sigmficant conditions Table 1 supphes such data, which 
show that the decomposition depends both on pH and temperature Decompo- 
sition appeared to be somewhat more extensive m Burk’s N-free medium than 
m water, but this effect may anse from differences m the buffermg capacity of the 
two Further tnals estabhshed that the decomposition was not matenally m- 

1 Supported m part by grants from the Rockefeller Foundation and from the Research 
Committee of the Graduate School from funds supplied by the Wisconsin Alumni Research 
Foundation 
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fluenced by the presence of 100 ppm of NH4NO3— N or by substitution of an 
80 per cent and 20 per cent O2 atmosphere for air The decomposition 13 not 
instantaneous but depends on time For e'^ample, at pH 7 5 and 30 0 Burk’s 
medium plus 5 ppm h3’-droxylamine retams 20 per cent of the compound after 
3 days, 12 per cent after 7, and 3 6 per cent after 14, "with 25 ppm, 10 per cent 
remains after 3 days, 5 per cent after 7, and 1 per cent after 14 
Toxicity of hydroxylamine for Azotobacter The rate of decomposition of hy- 
droxylamme m the ph3fsiologicalIy important ranges of pH and temperature is 


TABLE 1 

Effect of pH, temperature, and medium on the stability of NfftOH 


pH 

TESIP (C) 

' 

MEDnm 

EECOVZBV or NHiOH 

Total NHiOH 
tig/lO ml 

% 

7 5 

30 

Burk’s 

50 4 

10 1 

7 5 

30 

Burk’s 

54 2 

10 8 

7 5 

5 

Burk’s 

97 4 

19 5 

75 

5 

Burk’s 

100 0 

20 0 

7 5 

30 

HiO 

78 0 

15 6 

7 5 

30 

HjO 

76 6 

15 3 

7 5 

5 

H,0 

142 4 

28 5 

7 5 

5 

H,0 

148 0 

29 6 

6 5 

30 

Burk’s 

310 0 

62 0 

6 5 

SO 

Burk's 

305 0 

61 0 

5 0 

30 

Burk’s 

393 0 

78 6 

5 0 

30 

Burk’s 

398 0 

79 6 

4 0 

30 

Burk’s 

428 0 

85 6 

4 0 

30 

Burk's 

420 0 

84 0 

4 0 

5 1 

H,0 

458 0 

91 6 

4 0 1 

5 i 

H 2 O 

461 0 

92 2 


Original concentration NHsOH 500 /ig per bottle (20 ml) Incubation time 3 days 


sufficiently constant to allow estimation of the noninhibitory concentration The 
tune of appearance of growth m an inoculated senes was compared with the level 
of remaining hydrovylanune m the umnoculated control senes Vanation m the 
mitial concentration of hydroxylamine from 5 to 250 pg per ml did not affect the 
final nomnhibitor3- concentration of about 2 pg per ml, a value in agreement mth 
the estimate of 0 to 3 mg per L made by Burk and Homer (1935) from microrespi- 
ration expenments A high imtial concentration of hydroxylamme mcreases 
the lag penod, for example, at 250 ag per ml decomposition to the nonmhibitoiy 
level requires about 2 weeks at pH 7 5 and 30 C A medium containmg this 
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conccnli ation w is allowed to incubate foi 14 days, by analysis the lemainmg 
bj'droxjdaminc m ns 1 /ig poi ml On inoculation, initiation of growth was im- 
mediate 

Coufiirantion of the nomnbibitory concentration was obtained by inoculating 
Burk’s medium containing varying quantities of liydroxylamme Wlien giowth 
became visible, the cells vero lemovcd by centrifugation and the supernatant was 
analyzed foi hydioxylaminc An average value of 1 5 jig per ml was obtained 
Finallj’’, it was dcmonstiated that this inhibition is not specifically related to 
mtrogen fixation since the effect of hydroxylamme on the assimilation of ammo- 
mum nitinte m either air or the H; — O2 atmosphere is quantitatively identical 
vnth its effect on fixation of molecular nitrogen 

Products of dccomposihon of hydroxylamme Our explanation of these findings 
IS that m Burk’s medium hydroxylamme slowly decomposes to form ammoma 
If alkaline, ammonia is readily lost so that the reaction can go almost to comple- 
tion, but the recovery of nitrogen is not quantitative Usually, at pH 7 5 only 
about 15 per cent of the nitrogen of the hydi oxylanune that disappears is found 
in the cells Blom (1928) suggests that m alkaline solution the decomposition 

IS 

3 NHjOH — N. + NH3 + 3 H2O 

Bodenstem (1941), studying the decomposition of the solid base, proposed several 
modes of decomposition, one of which produces ammonia 

4 NH2OH ^ No -t- 2 NH, + 3 H2O 

The results summarized in table 2 show that at pH 4 0 the recovery of ammonia 
roughly agiees with Bodenstem’s equation, at pH 6 8 vnth that of Blom At pH 
7 5 only about 15 per cent of the hydroxylamme appears as ammoma, probably 
because of loss at the alkaline reaction, a factor that imght also be operative to 
some extent at pH 6 8 It is not possible, therefore, to state which type of de- 
composition obtains in these dilute solutions vnthout identification of the other 
gaseous product, a course not readily feasible with the small quantities of gas 
liberated 

After 21 days those cultures that contained less than the inhibitory concentra- 
tion of hydroxylamme were inoculated with A vinelandii Growth occurred 
without a period of lag, and the mtrogen recovered m the cells was equal to the 
estimated ammonia 

Ulihzalion of hydroxylamme in nonmhihitory concentrations The possibility 
that hydroxylamme can be assimilated by the azotobacter if present m nonmhibi- 
tory concentrations has not been excluded by our previous studies In our 
laboratory Machata and Novak first tested this possibility using a prepaiation of 
hydroxylamme synthesized from ammomum chlonde contaimng about 1 5 per 
cent of N‘® One ml of a solution of an oxime or of ammomum chloride contam- 
mg 1 mg N per ml was added to 19 ml of Burk’s N-free medium, which was then 
moculated with a heavy suspension of A vinelandii The oxime of oxalacetic 
acid contained 0 25 per cent free hydroxylamme and that of a-ketoglutaric acid, 
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0 69 per cent The presence of the free base in equilibnum with the oxime should 
supply a constant low level of labeled hydroxylamine Since the mtrogen m these 
osmesis not available to azotobacter (Novak and Wilson, 1948) the appearance 
of A m the cells could indicate utilization of NH^OH-N In addition, a culture 
containing 3 pg per ml of the labeled matenal was also included After incuba- 
tion for 3 da 3 's at 30 C ma H?— O 2 atmosphere, the percentage of excess found 
in tbe cells yas oxime of oxalacetic acid, 0 079, 0 126, oxime of a-ketoglutanc 
acicl, 0 096, hydroxylamme, 0 049, ammomum, 0 856 


TABLE 2 

Recovery of NB, from decomposed NHiOH tn Burl’s medium 


OEICI!,AI.co^CE^^EA■^o NHiOHpg/20Bil 

pH 

TOTAt. 

jt:ssi,e£ s 
NH 4 N 

I /ig/ml 

NHKIH 

MS/ml 

TOTAL* 
KHi \ 
SiS/20rdl 

TOTAL Nt 
or CELLS 
MS 

0 

4 0 

0 

0 

0 

2 9 

0 

4 0 

0 

0 

0 

3 1 

5,000 (2,120 Ag N) 

7 5 

16 4 

0 9 

310 

295 

5,000 1 

7 5 

16 8 

1 0 

316 

305 

5,000 

6 8 , 

33 1 

1 4 

631 

615 

5,000 

6 8 

i 

! 32 5 

1 0 

630 

695 

5,000 

5 0 

22 3 

3 1 

768 


5,000 

5 0 

23 7 

3 8 

796 


5,000 

4 0 

29 7 

4 9 

992 


5,000 

4 0 

28 5 

4 6 

956 


0 + 2,120 Mg ISTHiNO,— N 

6 8 

32 7 

0 0 

654 

1,657 

0 -p 2,120 Mg NH<N"Oj— N 

6 8 

34 0 

0 0 

680 

1,750 

5,000 + 2,120 Mg NH,NO,— N 

6 8 

32 4 

0 6 

1,272 

2,300 

5,000 -f 2,120 Mg NH,NO,— N 

6 8 

32 0 

0 6 

1,256 j 

2,250 


Incubatioii temperature 30 C , incubation time 21 days 
* Corrected for NHjOH — 

t Bottles containing nomniubitory quantities of NH 2 OH after 21 days were inoculated 
with A vtnelandti and incubated in a Hj — Oj atmosphere 


Although not impressive m comparison with the ammomum control, the gams 
for the other sources of nitrogen are significant with the possible exception of the 
hydroxj lamine alone, the total concentration of labeled compound here was so 
small, however, that a larger mcrease could not be expected By themselves, 
these data support the view that NH 2 OH— N is available, but in view of our other 
results a more likely explanation appears to be that the labeled mtrogen in the 
cells came from ammoma ansmg from the decomposition of free h 3 ^dro\-yIamme 
If this IS so, then the isotopic method is not rehable even for the test of the uptake 
of either free hydrox 3 'iamme or its oximes, much less to make the critical expen- 



1910] 


in Dnow LAMING AS SOURCC OF NITROGCN 


59 


mcnts w itli labeled sources of nitrogen that helped to establish ammonia as an 
intermediate (Bums and Wilson, 1946) 

Fortunately, it has been possible to test the direct utilization of hydroxylanune 
in conventional giowth experiments Very low concentrations of hydroxylanune 
were used in the acid range for growth of A vinclandii After incubation for 20 


TABLE T 

Ulxhzalton of nontnhibxlonj conccnlrolions of Nil OH hy Azolohaclcr vinclandii in SO per cent 

II and 20 per cent 0 



1 


TURUIDITV Rr \Dir CS 



COSCCMRATIOV N 
liC, 0 ml 

Control «cnc3 j 

NHAOi scries 

To'ticity scrica 
MI 011 + 42 4 
/iKNII.XOi-N 

1 NH OH series 


Air 

Hr-Oi 

1 

Turbidity 

;ig/20 mlt 

0 (not incubated) 

98 0 

1 




0 (not incubated) 

97 5 





0 (incubated) 

76 5 

91 5 





0 (incubated) 

77 0 

95 0 




1 

) 

4 24 (10) t 


1 

90 5 

' 83 5 

95 0 

j 8 8 

4 24 



90 0 

83 0 

94 5 

8 7 

8 48 (20) 



89 0 

83 0 

95 5 

17 1 

8 48 



89 0 , 

1 83 0 

95 0 

17 3 

12 72 (30) 



88 0 

83 0 

95 0 

25 5 

12 72 


[ 

t 

88 5 

83 5 

94 5 

25 7 

IG 96 (40) 



87 5 

89 5 

96 0 

33 8 

16 96 



87 5 

89 0 

96 5 

34 2 

21 2 (50) 



86 5 ! 

98 0 

97 5 

41 5 

21 2 



86 0 

98 0 

1 98 0 

1 

42 0 

42 4 

1 


83 0 


1 

1 


42 4 

1 

1 

83 2 

1 




Incubation time 20 hours Medium Burk’s N-free at pH 6 4 Inoculum 0 5 ml 48-hr 
culture 

* Turbidity read at 530 m;i in Coleman photoelectric colorimeter 
t Undecomposed NH OH in umnoculated stability controls after 20 hours’ incubation 
t Values in parentheses are NH OH equivalent in /ig per 20 ml 

hours at 30 C the decomposition of hydroxylanune was 15 per cent or less Con- 
trols supplied NH4NO3 — N at the same levels estabhshed that under these 
conditions grrwth was sufficient to be detected by a turbidimetric method As 
the results m table 3 illustrate, the turbidity of the cultures supphed hydroxyla- 
mme was the same as that of the controls, whereas the turbidities of the corre- 
spondmg cultures given ammonium mtrate defimtely mcreased with mcrease 
in the concentration of the source of mtrogen Furthermore, m the toxicity 
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controls of varying concentrations of hs^droxylamine plus 42 4 /ig NH^NOj— N 
no additional effect w^as found over that for this level of ammonium mtrate alone 
The even low'er value of the culture containing 2 ;ng per ml hydroxylamine arises 
from the fact that inhibition begins at this level These results confirm those 
reported by Burk and Homer (1935) and obtained in short-time microrespirome- 
ter expenments The agreement between two widely diifenng independent 
methods supports the conclusion previously advanced (Burk and Homer, 1935, 
Noval and Wilson, 1948) that hydroxylamme is a highly improbable intermediate 
in mtrogen fixation by A mnelandtt 

SUMMARY 

Hydroxylamine disappears rapidly horn Burk’s N-fiee medium, its rate of dis- 
appearance IS decreased by lowenng the temperature and mcreasmg the acidity 
On prolonged incubation Azoiobacter innelandii will grow in Burk’s medium plus 
hydroxylamine in a Ha — O 2 atmosphere, the growth is proportional to the hy- 
droxylamme originally present The extent of growth can be completely ac- 
counted for by ammonia that arises from the decomposition of the hydroxyla- 
mine 

Hydroxylamine is highly inhibitory to the growth of A mnelandii when present 
m quantities exceeding about 2 ng per ml No quantitative difference was noted 
in the inhibition by hydroxylamine of nitrogen fixation and the assunilation of 
nitrogen as ammomum nitrate, specificity for the nitrogen fixation reaction is 
therefore rejected 

A senes of carefully controlled tiials demonstiated that hydroxylamine is not 
utihzable as a source of mtrogen by ^ tnnelandit even in the nontoxic concentra- 
tions of 1 to 2 Jig pel ml 
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In a previous study (Doetsch and Pelczar, 1947) it was shown that calcium 
D-pantothenate is essential for the growd,h of Microbaclenum lacltcum in a me- 
dium in which vitamm-free casein hydrolyzate is the nitiogen source With the 
same expenmental technique it has been found possible to replace the casern 
hydrolyzate with ammo acids and to show that calcium D-pantothenate is still 
an essential factor for groivth imder these conditions 

METHODS 

The composition of the chemically defined medium that would support growth 
of four strains of M lacltcum is presented in table 1 The ammo acids were 


TABLE 1 

Composition of chemically defined medium supporting minimal growth of Microbacterium 

lacticum 


Glucose, cp 

1 0 g 

Hydroxy-L proline 

0 001 

g 

K HPOi, cp 

0 4 g 

L-Cystine 

0 0015 

g 

KHjPOi, cp 

0 1 g 

DL-Methionine 

0 018 

g 

Glycine 

0 002 g 

DL-Phenylalamne 

0 02 

g 

P-Alanine 

0 009 g 

i>TyT 03 ine 

0 033 

g 

DL-Valine 

0 04 g 

DL-Tryptophan 

0 on 

g 

L-Leucine 

0 024 g 

1,-Argimne 

0 026 

g 

DL-Isoleucine 

0 024 g 

L-Lysine 

0 03 

g 

L-Glutamic acid 

0 011 g 

L-Histidine 

0 012 

g 

DL-Senne 

0 03 g 

L-Proline 

0 04 

g 

DL-Threomne 

0 02 g 

Calcium D-pantothenate 

100 fig 


Distilled water to make 100 0 ml, pH 7 0 ± 


selected on the basis of their content as found in a 0 5 per cent solution of casein 
hydrolyzate All constituents of the medium, except phosphate salts, were 
stenlized by filtration through sintered glass filters The phoshates were sten- 
hzed individually by autoclaving and then added aseptically to the amino acid 
glucose medium Five ml of the complete medium were then pipetted into 
sterile test tubes One loopful of a washed suspension of cells was used as mocu- 
lum The incubation period was 4 days at 30 C 

RESULTS 

When calcium D-pantothenate was elimmated from the chemically defined 
medium, none of the strains of M lacltcum would grow This species is unable 
to synthesize pantothenate from D-a-hydroxy-;8,/3-dmiethyl-7-butyrolactone and 
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/3-aIanme, either singly or m combination Growth of M laclicum in a chemically 
defined medium could be inhibited by sodium pantoyltaurine ' This finding 
substantiates the specificity of the pantothenate requirement for ilf laclicum 
Supplementmg the chemically defined medium with 1 jig per ml of thiamin, 
nboflavm, macm, and pyndoxme, 0 1 /ig per ml of biotm and folic acid, and 0 5 
mg per ml of glutamme resulted m growth of this species that compares favorably 
to its growth m a natural medium such as trypticase soy broth For some strains 
of this species, thiamin alone has been found to be stimulatory, although to a 
lesser degree than obtained with the foregomg combination of groivth factors 
The results of a typical experiment are presented in table 2 
The minimum amount of calcium n-pantothenate capable of stimulatmg 
growth appeared to be 0 05 ng per ml, but the maximum response was at approxi- 
mately 0 5 pg per ml 


TABLE 2 


Growth of Micrdbaclertum laclicum in various media 


COICPOSITION OF ItEDrmi 

STRAIN DESIGNATION 


OJ3 

S2 

JRAI2 

8180 

Chemically defined (table 1) minus Ca-D-pant 

0* 

0 

0 

0 

Chemically defined (table 1) no omissions 

Chemically defined (table 1) minus Ca-D-pant plus lactone 

19 

17 

12 

10 

(1 pg/ml) 

Chemically defined (table 1) plus 1,000 itg/ml Na-pantoyltau- 

0 


0 

0 

nne ] 

0 

0 

0 

0 

Chemically defined (table 1) plus vitamiii supplements 

40 

36 

46 

44 

Trypticase soy broth 

0 5 per cent NH<C1 plus glucose, salts, and vitamin supple- 

42 

45 

i 51 

51 

ments 

0 

0 

0 

0 


* Percentage of light absorbed through 5 ml of medium measured with a Fisher electro 
photometer AC model, using filter 425 (blue) Readings made after 4 days at 30 C 


It IS of mterest to note that two other members of the genus Microbactenum, 
VIZ , M flavum and “M species’’ (Doetsch and Pelczar, 1948), will not grow in 
the chemically defined medium described above 

SUAnUABT 

Micrdbojctenum laclicum may be grown m a synthetic medium containing 18 
ammo acids and calcium n-pantothenate The specificity of calcium n-panto- 
thenate for the mitiation of growth m a synthetic medium has been established 

REFERENCES 

Doetsch, Rataiond N , and Pelczab, Michaei, J , Je 1947 Vitamin requirements of 
Mtcrdbacierium laclicum Orla-Jensen Science, 106, 524-525 
Doetsch, Ratmond N , and Pelczak, Michael J , Jr 1948 The microbactena I Mor- 
phological and physiological characteristics J Bact , B6, 3 8-49 

1 Kindly supplied by Dr George RievescU of Parke, Davis and Company, Detroit, 
Michigan 
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A str'iin of Bacillus ccrcus isolated from milk was reported to exhibit marked 
antagonism to both gram-positive and gram-negative organisms (Goodlow, 
Johnson, and Shafer, 1947) This antagonism vas most marked agam t the 
genera Salmonella and Shigella The antibiotic substances reported in this study 
verc produced by an organism isolated from the soil and identified by follomng 
a kej to the identification of aerobic sporeforming orgamsms (Smith, Gordon, 
and Clark, 1946) as Bacillus ccrcus “ It is suggested that the substance be called 
‘‘biocerin ” When B ccrcus vas streaked on the surface of proteose peptone 
agar plates preaiouslj' seeded a%ith various gram-positive and gram-negative 
organisms, zones of inhibition ranging from 5 to 24 mm m diameter vere observed 
after an incubation period of 24 hours at 37 C 

Biocenn vas produced bj-^ growing B ccrcus in a medium of the composition 
gix en in table 1 for 48 hours at 37 C The medium contaimng the organism was 
then extracted vith ether A j ellow color was observed in the ether after extrac- 
tion Spontaneous evaporation of the ether extract resulted in a bromush-3 el- 
low, oily residue This material was insoluble in vater but soluble m 95 pei cent 
ethanol, acetone, and chloroform 

The inhibition of vanous bacterial species was tested by means of proteose 
peptone agar plates contaimng varying amounts of crude biocerin per ml of agar 
The plates were streaked with a 2-mm loopful of a sahne suspension contaimng 
approximately 300 milhon ceUs of the organism per ml and meubated for 24 
hours at 37 C Inhibition was recorded as complete suppression of all visible 
growth of the bactena All bacterial species tested were inhibited by a concen- 
tration of 1 0 mg of crude biocerm per ml of agar Salmonella paratyphi A, Sal- 
monella paratyphi B, and Sarcina lutea were the only species not inhibited by a 
concentration of 0 5 mg of crude biocenn per ml of agar The lower concentra- 
tions of 0 1 mg and 0 05 mg of biocenn per ml of agar did not inhi bit any of the 
species tested except Staphylococcus aureus and Staphylococcus albus None of 
the species tested were inhibited by a concentration of 0 025 mg per ml of agar 
These results are presented m table 2 

The effect of rabbit serum on the activity of biocenn was deter min ed by adding 
various concentrations of serum to proteose peptone agar contaimng 1 0 mg and 
0 5 mg of crude biocenn per ml of agar A concentration of 10 per cent serum did 

^ The organism was originally isolated by Miss Laura Bnlliatme, Department of Bac- 
teriology, The tJmversity of Southern Califorma, Los Angeles, California 

* Identification confirmed by Dr Ruth Gordon, American Type Culture Collection, 
Washington, D G 
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TABLE 1 

Medium for the production of btocertn 

Glucose 

NaCI 

MgS04 

Metluomne 

Agar 

Distilled HiO 

Final pH = 70 


20 g 
10 g 
20 g 
10 g 
10 g 

0 005 e 
50 g 

1,000 ml 


TABLE 2 


Bacterial growth in the presence of various concentrations of crude hiocerin 


1 

OEGANTSSf 1 

1 

1.C or CIUDE BIOCEEIS PZR ML OT ACAE 

10 

OJ 

1 O’ 

DOS 

1 0 02S 

Staphylococcus aureus j 

— 

— 

1 

I - 


+ 

Salmonella iyphosa ! 

— i 

- 

! 

+ 

4" 

Salmonella paratyphi A 

— i 

4“ 


1 + 

+ 

Salmonella paratyphi B 

“ i 

4“ 

1 + 

1 + 

4" 

Carynehactenum diphtherias 

“ 1 

— 

1 

! + 

+ 

Bacillus anthracis 

_ 1 

— 

i + 

+ 

+ 

Bacillus suhtilis 





i 4" 

Sarcina lutea j 



1 + 

+ 

, + 

Staphylococcus albus 


^ 1 


- 

+ 

Escherichia colt i 

_ ( 


+ 

-1- 

+ 

Brucella suis | 

1 



+ i 

+ 

Aerobacter aerogenes 


— 1 

+ 1 

+ 

+ 

Neisseria catarrhalis ^ 

__ 1 

“ 1 

+ 

+ 

+ 


TABLE 3 


Effect of rabbit serum on the groieth of bacteria in the presence of various concentrations of 

crude biocerin per ml of agar 


1 

oEGuasir 1 

10 ITU CE^*I STECl. 

20 ITT d-VT BZIOK 

1 oag 

OJmg i 


1 OJtns 

1 

Staphylococcus aureus 


1 

- 

+ 

Sarcina lutea 

1 

— 1 

1 

+ 

Escherichia coll 

‘ — 


1 

+ 

Salmonella typhosa 

S " i 


1 

+ 

I 

Brucella suis 

! - 



4- 

Bacillus subtilis 

! 



4- 

f 

Bacillus anihracis 





’T 

CorynebacCenum dtphihenae 




4" 


not decrease the mhibitory effect of 1 0 mg and 0 5 mg of biocenn against any 
bactena tested dunng a 24-hour penod of mcubation at 37 C A concentration 
of 20 per cent serum did decrease the inhibitory effect of 0 5 mg of biocenn per 
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ml of Bg-ir dunng i 24-hour period of incubation at 37 C A decrease in the in- 
hibitory cfTect of both concentrations of biocenn in the presence of serum was 
observ cd after 4S hours in all instances, c\cept when 1 mg of biocenn per ml of 
agar as tested in the presence of 10 per cent serum The results are presented 
in table 3 

The tOMCitj of crude biocenn was determined by suspending the matenal in 
stenle mineral oil and injecting it mtrapentoneally into w'hite mice weighing 
approximatclj IS to 20 grams A single injection of 20 mg of the crude sub- 
stance produced no fatalities in a group of 10 mice at the end of a 5-day test 
penod Tomc sjauptoms were not apparent during the course of the expenment 
These experiments have, bj' necessity, been prehmmary m nature The au- 
thors feel that further experimentation is desirable in view of the antibactenal 
actmty obtained from v ar 3 ang amounts of crude biocenn agamst v'anous gram- 
negative and grara-positu c bactcna 
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In recent physical-chemical studies of the bacterial cell little attention has been 
devoted to the effect of concentrated cell suspensions on the ability of the sus- 
pending medium to conduct an electric curient Oker-Blom (1912) reported 
that bacterial cells increased resistance He concluded that the mass of the cells 
was sufficient to hinder the free movement of the ions carrying the current and 
hence caused a decrease in conductivity Shearer (1919) reported that heavy 
suspensions of Imng bacterial cells increased resistance but suspensions of dead 
cells showed httle effect Green and Larson (1922) found that killing bactena 
by heat decreased the resistance They concluded that conductivity is not a 
measure of the permeabilit 3 '' of the bacterial membranes but that it merely indi- 
cates the extent of diffusion of salts from the lolled cells Brooks (1923) found 
the conductance of living tissue to be closely related to the surrounding fluid ivith 
which it IS in equilibrium All cells dead or alive were observed to offer greater 
resistance to the passage of current than the surrounding medium Fricke and 
Curtis (1934) studied a paste of yeast cells suspended m dilute sodium chloride 
and obsen'’ed an increase in resistance mth frequencies up to 128,000 cycles per 
second Above that frequency they repoit that the cellular membranes allow an 
appreciable part of the current to pass through the cells, resulting m lower resist- 
ance values For tissue cells and cells of laiger microorgamsms, it has been 
established that the surface of the protoplasmic membrane offers high resistance 
to moderate frequencies of electrical current (Cole, 1933) 

EXPERIMENTAL RESULTS 

Cell suspensions were prepared using the usual methods for growing massive 
cultures m aerated liquid media Ordinary nutnent broth with 1 per cent sucrose 
and potassium phosphate added as additional buffer was used as the growth 
medium All cultures were meubated at 30 C The usual time of incubation 
was 48 hours, though shorter growth penods and growth of the organisms on agar 
media did not influence the type of results obtained The cells were harvested 
by centrifugation and washed three or more times to remove the components of 
the medium and metabohe products from the cells Cells were stored at 3 C and 
used within 48 hours Quantitative estimates of the number of cells present 
were made by dry weights at 110 C, by direct microscopic counts, and by poured 
plates Poured plate counts indicated that a large proportion of the cells used 
were viable 

Electncal measurements of resistance were made by the usual Wheatstone 

* Contribution no 236 from the Department of Bacteriology, Kansas Agricultural Ex- 
penment Station 
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bridge circuit with a vacuum tube oscillator givmg an altematmg current of 
approximately 1,000 cycles (Dole, 1935) This frequency was high enough to 
avoid senous polanzation errors and yet did not cause changes m membrane 
potentials (Fncke and Curtis, 1934) Most measurements were made m open 
beakers with a dip type conductivity cell, though some were made in closed ves- 
sels to avoid the solution of atmospheric gases Resistance measurements were 
made at 25 C The results of these measurements are expressed as the specific 
resistance of the solution studied 

Prehmmary experiments mdicated that the effect of addmg washed cells to an 
electrolyte solution gave variable results In some instances there was a slight 
mcrease m conductivity, other times the resistance of the suspension mcreased 
In certain cases a marked mcrease m the resistance resulted Among the factors 
that seemed to influence the resistance were the concentration of cells, the concen- 
tration of the electrolyte, and the ty'pe of electrolyte Table 1 shows the resist- 

TABLE 1 


Resistance of vartoits electrolyte solutions in the presence and absence of Bacillus megatherium 
cells that had been washed in NaCl solution 
(Total volume 30 ml, final cell concentration 30 billion per ml) 


rLECTEOLYXE 

1 

j SPECmC RZSISTAKCE NaCI 

1 soLtrrrov ojxy 

1 

f WITH ADDED BACTESIA j 
j SVSPESDEDLNNaCl j 

Dirrxi^Ncx 

HCl 

4,000 

1 6,090 j 

+2,090 

FeCl, 

1 2,830 

1 4,190 ; 

+1,360 

HgClj 

4,060 

1 4,970 j 

+910 

CaClj 

, 3,870 

3,870 

0 

NH«C1 

1 3,500 1 

1 3,500 j 

0 

NaCI 

t 3,480 

[ 3,460 1 

-20 

MgCls 

3,770 

I 3,740 

-30 

ZnCl. 

j 3,840 

3,800 

-40 

CuCl, 

3,670 

3,460 

-210 


ance of several electrolytes when a heavy suspension of Bacillus megathenum was 
added The cells had been washed four times m a dilute sodium chlonde solu- 
tion of the same concentration as used m the expenment The control consisted 
of an equal amount of the washmg solution containmg no cells All the electro- 
lytes were adjusted to approximately the same resistance In the case of the 
hydrogen, iron, and mercunc chlondes the presence of cells mcreased resistance 
With the calcium and ammomum salts no change in resistance v as noted, vhereas 
the other salts gave a shght decrease In this expenment the organisms were 
viable m the presence of certam salts, e g , calcium, and not viable in the presence 
of others, e g , mercuiy Howexer, no relation between the killing effect of the 
electrolyte and a change m resistance was evidenced In other expenments no 
significant differences were observed m the resistance offered by heavy suspen- 
sions of heat-killed and livmg orgamsms 
The observed mcreases m resistance followmg the addition of bactenal celb 
may have been due to the nonconductmg cell membranes preventmg free passage 
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of the ions through the suspension (Oker-Blom, 1912) In this case, however, the 
bactenal cells occupied onl}’^ a small pai t of the total volume of the suspensions 
despite the fact that the number of cells was about 30 billion per milliliter It 
seems more logical that the increased resistance resulted from the removal of 
ions from the solution by the bacterial cells Evidence indicating this to be the 
case was obtained bj-- centrifuging the suspension and comparing the conductivity 
of the supernatant solution mth that containing cells In all instances, the 
supernatant liquid gave conductmty values similar to those of the cell suspen- 
sions regardless of whether the addition of cells to the original electiolyte solution 
mcreased or decreased resistance These data indicate that the increases m 
resistance resulting from the presence of cells are due to the lemoval of electro- 
Ijde from the solution by the cells, and not to the impedance offered by the cellu- 
lar entities 

If the bacterial cells vere combimng vath the electrol 3 de, then repeated 
washing of the cells in solutions of the ions to be studied should result m saturating 
the combimng capacities of the cells Cells repeatedly washed and suspended in 

TABLE 2 


Effect of Acrohacter aerogencs (washed in water) on resistance and pH values of HCl 
(Total volume 35 ml, 20 billion cells per ml of suspension added) 


>OLI7K£ or CEtt SaSPEKSION AODCO 

1 SISISTASCE or HC! solotiok 

pH 

ml 



0 

6,918 

3 32 

2 

7,084 

3 49 

6 

8,878 

3 SO 

10 

12,333 

4 23 


vanous chlonde solutions were found, after a feiv such treatments, to give con- 
stant resistance readings of the same value as the washmg solution Further 
evidence that the increase in resistance was due to the removal of ions was ob- 
tamed by quantitative measurement of the electrolyte before and after the 
addition of the cells In table 2 aie shown the decrease in hydrogen ion concen- 
tration and increased resistance when increasing volumes of water-washed cells 
were added to a hj'^drochlonc acid solution The pH values were determmed 
with a glass electrode potentiometer Parallel with an increase m the resistance 
of the suspension an increase in the pH was recorded, indicatmg the removal of 
the hydrogen ions from solution 

McCalla (1940) has shown that the process of adsorption is one of the mecha- 
msms by which the bactenal cell may combme ivith ions from the surroundmg 
environment This process is an exchange phenomenon in which more readily 
adsorbed ions in the solution replace those less tightly held by the cellular sur- 
faces McCalla observed that the hydrogen ion readily replaces most of the 
cations which might normally be located on the cell Smee cations vary m 
equivalent conductance, such an exchange process could cause changes m resist- 
ance of the cell suspensions The hydrogen ion possesses an equivalent 
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conductance of 350 at 25 C, winch is much higher than the values of 
other cations normally present Ammomum ions, for instance, have an equiva- 
lent conductance of 74 5 Thus, if an ion with a high conductance value, such 
as hydrogen, displaces an ion on the surface of the cell possessing a lower conduct- 
ance value, such as ammonium, the result should be to decrease the conductivity 
of the solution 

To test this hypothesis the resistance and hydrogen ion and ammonium ion 
concentrations of a 0 001 n HCl solution were measured To the HCl solution 
was then added Aerobacler aerogenes cells that had been washed m a 0 001 n 
NH4CI solution until eqmhbnum m resistance was reached The resistance and 
hydrogen ion and ammomum ion concentrations of the HCl were again measured 
and the foUowmg alterations recorded 


Increase in resistance 3_030 ohms 

Decrease in H"*" concentration 43 x 10~“ n 

Increase in concentration 38 X 10'® N 


When Similar determinations were made on a 0 001 n NHiCl solution before and 
after the addition of Aerobacler aerogenes cells saturated ivith hydrogen ions in a 
0 001 N HCl solution, the results were as follows 


Decrease in resistance 
Increase in H"'" concentration 
Decrease in NRA concentration 


65 ohms 
3 X 10'® N 
6 X 10-® N 


In the first of these experiments the hydrogen ion, being more readily adsorbed, 
replaced the ammomum ion on the cell in nearly quantitative pioportions 
Since the ammomum ion is a less efficient carrier of the electrical current than the 
hydrogen ion, the resistance of the suspension mcreased correspondingly Con- 
versely, an increased hydrogen ion concentration m the second experiment was 
accompamed by a decrease m the ammonium ion concentration and in resistance 
Smce the ammomum ion is adsorbed much less readily than the hydrogen ion, the 
cationic exchange was considerably less m the second experiment though the cell 
concentrations were the same (8 billion per ml) m both cases 

Although these studies have mdicated that the conductivity of a bacterial cell 
suspension is influenced by exchange phenomena of electrolytes with the cell, it 
IS apparent that the value of this procedure in measunng the concentration of 
specific 10ns IS definitely limited since it indicates only changes in the total electro- 
lyte concentration These ex-penments involved only studies with cations of the 
chloride salts The use of different anions would probably give comparable re- 
sults Further studies of conductmty, coupled with adequate quantitative 
measurements of the ionic composition of the cells and the suspending medium, 
might yield useful information about the nature of the uptake of inorganic food 
substances by microorganisms 


SUMIUART 

Conductivity studies with cell suspensions of a number of bactenal species 
have shown that changes m resistance of the suspension are related to the typo 
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of cition m the solution Greatest increases in resistance were observed with 
readily adsorbed cations The pioccss of base exchange is suggested as respon- 
sible for the observed resistance changes 
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STUDIES ON TIIE GENETICS OF ANTIBIOTIC FORMATION THE 
INDUCTION OF ANTIBIOTIC-FORMING MUTANTS IN 
ACTINOMYCETES‘> = 

ALBERT ICELNER’ 

The Biological Laboratory, Cold Spring Harbor, New York 
Received for publication October 2, 1948 

Many highly active, antibiotic-producmg strains of microorganisms m nature 
have probably originated as mutants of nonactive strains As part of a pro- 
jected study of the genetics of antibiotic formation, we have mvestigated this 
mutation — one in which an organism acquires the ability to form an antibiotic — 
under controlled expenmental conditions in the laboratory 

Study of the naturally occurring variants of an antibiotic-producmg species 
such as can be isolated from natural habitats gives an incomplete picture of the 
mutation from nonactmty to activity m that species Those mutants of a 
species that can be isolated from nature represent only a small portion of all the 
mutations m antibiotic activity that that species has undergone Only those 
antibiotically active mutants ivill sumve m nature that have characteristics 
adapting them to very speciahzed, restricted, competitive natural habitats such 
as soil Unless we assume that an ability to produce an antibiotic (usually evi- 
dent only on special media) confers survival value on a mutant hving m nature — 
and there is httle evidence that this is true m general — then the charactenstics 
which will determme whether a mutant will survive may not be correlated with 
antibiotic formation Survival charactenstics will rather be those of sporulation, 
resistance to drying, ability to utilize nutnents found in soil, etc Smee highly 
active mutants -without such charactenstics will not be likely to persist, they are 
not likely to be isolated Such mutants if formed under the more favorable 
laboratory conditions can, however, be isolated and studied It is true that some 
mutants may survive in nature that could not grow m pure culture on ordinary 
laboratory media, but such mutants would not be isolated without special 
methods in any case 

We have attacked this problem by selectmg several stock cultures of actinomy- 
cetes from the American Type Culture Collection, on the basis of their ha-ving 
either no, or only trace, antibiotic activity against an arbitrarily selected test 
bactenum By means of irradiation, as high a frequency of mutation as feasible 
was induced m each culture, and large populations derived from each culture were 
tested for the presence of mutants having defimte antibiotic activity under the 
same conditions of test in which the parent culture had no actmty 

It was expected that antibiotically active mutants, if present at all, would be 

* Aided by a grant from Schenley Laboratories, Inc 

’ A preliminary report was given at the 1948 meetings of the Society of American Bac- 
teriologists 

’ With the technical assistance of Rachael Arbogast and Lomse Pirovane 
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present at a very low frequency Since the actmomycetes are a more prolific 
source of antibiotics than other groups, they were chosen as the most favorable 
starting material Of all orgamsms, they would perhaps most easily mutate 
from nonactmty to activity, and the frequency of active, induced mutants in 
irradiated cultures would be high enough to detect experimentally Moreover 
the beautifully colonial habit of actmomycetes made them particularly adapted 
to the methods used for the detection of active mutants m large populations 
Seven actmomycete species obtained from the American Type Culture Col- 
lection were studied as described above We found that most inactive actinomy- 
cete strains could indeed be induced to form antibiotically active mutants The 
various mutants derived from the same parent often formed antibiotics differing 
from each other m antibactenal spectra Thus most actmomycete strains, in- 
cludmg those apparently mactive, have the mutational potentiality of forming a 
host of diverse antibiotics 


METHODS 

Fifteen representative cultures of actmomycetes were first obtained from the 
A T C C and tested by the streaked plate method for activity against Micro- 
coccus lysodeikhcus (Fleming strain), obtained from Dr Karl Meyer, Staphy- 
lococcus aureus NRRL 313, and Escherichia coh B When inhi bition of the bac- 
tena on the streaked plate was used as the criterion of activity, almost 50 per cent 
of the cultures had considerable activity against one or more of the test bacteria 
This findmg is m agreement with the known high percentage of active strains 
found generally among actmomycetes (Waksman ei al , 1942) Seven strains 
with no or trace activity were selected for further study (table 2) Inhibition 
zones over 0 mm and under 2 mm were taken as mdicatmg trace activity 
Some strains showed trace activity against one test orgamsm but definite ac- 
tivity against another orgamsm (e g , Slreptomyces albosporeus ATC 3033 and 
Streptomyces cellulosae ATC 3313) In these cases the only mutants of interest 
were those mhibitmg the test bacterium against which the parent strain had 
only trace activity 

Each actmomycete was studied as follows Forty slants were inoculated at 
one tune from a single colony isolate of the ATC culture After good sporula- 
tion the stock of slants was stored at 5 C and used as a source of spores through- 
out the work 

Spore suspensions were prepared and irradiated with X-rays or, m a few 
cases, vuth ultraviolet hght, by the methods descnbed by Kelner (19485) 
Spores to be X-rayed were suspended m salme or tap water, those to be irradi- 
ated with ultraviolet light were always prepared m saline As showm by Kelner 
(19485) 200,000 to 300,000 roentgens w'as a dose of X-rays that would probably 
induce a near maximum, and reproducible, rate of mutation m actmomycetes 
A dose of 300,000 r was used except when stated otherwise 

The method descnbed by Kelner (1948a) for detectmg antagonists in large 
microbial populations was adapted for this work as foUow's Within 3 houre 
after uradiation, the suspension was diluted with an equal quantity of stenle 
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uu(iien( l)io(li, (lion (he mnniioi of \ i il)lc cells pei ml of suspension ^\as asscaj’^ecl 
In phting 1 poition of (he suspension on nu(iien( ngii and mcubciting at 28 C 
Inlo (he as'' ly pi i(es weie me nh i(ing, (he suspension nas stoied at 5 C 
Wlien (he Mihle coun( of (ho suspension was known, a laige numbei (usually 
200 (o 400) of pi lies woie hist iiouied with about 15 ml of steiile suitable agai 
medium (consliluling (he foumlalwii latjci) Then (he spore suspension was 
dilnled in inclled sofl (0 25 poi cent igu) nuliient igai m such a mannei that 
0 5 ml of (he icsiiK in( dilulion conlaincd 25 (o 50 Mable cells Usuall}’^ about 
200 ml of (he suspension of spoies m melted agai w is piepaicd at a time and 
kep( m 1 45 C w i(ci bith The pi lies with the foundation laj’^ers of steiile 
igii, ilw vis piopiicd (he sime d ij' so (liil the agai suiface was still waim and 
mois(, weie seeded wi(h 0 5 ml of (he suspension of spoies in melted agai, and 
the inoculum (conslitiiling the sted layer) w is spiead eienlj" oiei the suiface 
hi (iKing iiid sinking (he jilitc Aftei a little practice, each plate could be 
inoculated in a few seconds Ihe plites weie allowed to stand on a level sui- 
f ice foi about 30 to 60 minutes, until the seed laj'ci had solidified, then incubated 
at 28 C Ihe 0 5 ml of seed knei diied down quicklj'^, so that the spores weie 
all on 01 veiy neii the suifice Hundicds of umfoimly seeded plates each 
having 25 to 50 colonics all on the suiface could thus be piepared at one time 
iMlei incubation foi 4 to G daj's (except when otheiwise noted) the plates 
with then giown colonies weie coveied with a test layer of agai containing the 
bacteiia whose inhibition w is to be tested This test layei was piepared by 
adding the bicteiia to melted nutiient agai (0 5 pei cent agai) kept in a 45 C 
watei bath The test bacteiia weie pi epaied as follows Micrococcus hjsodciLli- 
cus — i to 8 ml of a bioth suspension (consisting of the growth fiom a slant 
cultuie dispeiscd in about 30 ml of bioth) weie added to 100 ml of test agai, 
Escherichia coli — 1 to 4 ml of a 24- to 48-houi bioth culture weie added to 100 
ml test agai , Staphylococcus aureus — 1 to 1 5 ml of a 24- to 48-houi bioth cultuie 
were added to 100 ml of test agai 

Test laycis weie added b}'^ pipetting 3 ml of the w^arm bacterial suspension 
to each plate The soft agai leadily flowed ovei the plates, and an agai layei 
could be added in a few seconds It was not necessaiy, indeed sometimes it 
was deleteiious, to have the test layei bury the actmomycete colonies The 
fluid agar flowed up to, but did not covei, the laised, spoie-covered colonies 
In eailj"^ expeiiments plates coated with the test layers weie stored overnight 
in the icebox befoie being incubated at 37 C The storage in the cold was 
intended to allow time foi diffusion of the antibiotic into the test laj'^ei , w ithout 
giow'th of the bacteiia This pioceduie, though it resulted in laigei zones, 
was found inconvenient and was latei abandoned Instead the plates weie 
placed directlj'^ at 37 C for an incubation peiiod of 12 to 18 houis, aftei wdnch 
the active colonies with inhibition zones w'ere easily spotted (figuies 1 to 8) 
A typical expeiiment will lUustiate the method in practice 
April 3, 1947, afternoon Suspensions of Strcptomyces flaveolus spores weie 
prepaied, filtered tlirough cotton, dispensed into small pjuex tubes foi X-rajung, 
and stored at 0 C in a thermos bottle overnight 




Figure 1 Yeast extract agar plate nhich had been seeded nith ultraviolet irradiated 
spores of Slreptomyces flaveolus, incubated 5 davs at 28 C, then foated «ith a test 1 i3cr 
containing Micrococcus lysodei) licus The antibioticall} active mutant actiiionij ctt( 
colonies are surrounded mth clear (dark) zones of inhibition 

Figure 2 Detail of figure I shomng some of the minute, fecblj grouing, but highly 
active mutants 


76 












rtgures'JS-S Colonies of Slreplojmjces vtridochromogcnus originating from X-rayed 
spores, and gro\Mi on nutrient agar for 5 days at 28 C and then tested for activity against 
Staphylococcus aureus Various types of active mutants surrounded by clear (dark) zones 
of inhibition are shoisn Note the range of morphological types (compare figures 5 and 
7) The colony in figure 8 has an antibiotically active sector 
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Apiil 4, morning Bpoie suspensions weie X-ia 3 ^ed (m New Yoik^) willi 
300,000 loentgens, then replaced m the tliermos bottle at 0 C foi tianspoit back 
to the laboiatoij’^ Two tubes of the suspension weie not X-ia^^ed but letaincd 
as nonniadiated contiols foi use in deteimining the survival late of the ii 
ladiated spoies 

Apnl 4, afternoon Suspensions of the X-iajed conidia weie pooled and 
diluted with an equal quantit}' of nutnent broth, and a sample was assayed 
for \iable cells Remaining suspension was stoied in icebox 
Apiil 7, morning Assaj plates piepared Apiil 4 w^eie counted 
Colon}" count of contiol = 1 9 X 10’ pei ml 

Colony count of X-iajmd suspension = 1 4 X 10‘‘perml Sunival = 74 X 10"^ 
Pouied 203 plates with foundahon laycis of yeast extract agar 
Apiil 7, afternoon Piepared a 1 140 dilution of the X-rayed suspension in 
melted nutiient agar (0 25 per cent agar) at 45 C and seeded each plate witli 
0 5 ml of the spore-agar suspension Incubated plates at 28 C 

TABLE 1 


Classificahon of mutants active against 1/ lysodeit licus according to size of zone 


Zone (mm) { 

! 2 

I 3 

4 

i 5 

G 

j 7 to 11 

1 

! over 12 

Number j 

! 13 j 

1 ^ 1 

6 

1 « i 

5 

1 ® 1 

1 

0 


Total mutants = 39 
Frequency = 7 5 X 10"’ 


Apnl 12, afternoon To 127 plates weie added 3 ml each of test agai contain- 
ing M lysodciJ iicus, to 76 plates was added test agar containing E coh Ail 
plates put into icebox overnight 
April 13 Plates put at 37 C 

Apiil 14 Each plate contained an aveiage of 41 actinomycete colonics 
Plates lead foi the presence of antibiotically active mutants 
il/ lysodeikiicus plates Total S flavcolvs strains (colonies) tested = 127 X 
41 = 5,200 vStrains wnth inhibition zones > 2 mm in ladius = 39 
E coh plates Total S flaieoliis stiains tested = 76 X 4:1 = 3,100 Stnins 
with inhibition zones = 0 

Table 1 shows the classification of mutants actne against M lysodal hens 
The media used weie nutnent agar, consisting of 0 5 pei cent peptone, 0 3 per 
cent beef extract, 1 5 per cent agar m distilled watei, j"east cxtiact agai, con- 
sisting of nutrient agar plus 0 3 pei cent j’-east extract, glucose nutnent agai, 
consisting of nutrient agar plus 0 5 per cent glucose, and starch tiyptone agar, 
consisting of 1 per cent starch, 0 5 per cent trj"ptone, a salt solution containing 
sodium and potassium phosphates, IMgSOi, FeS 04 , and 1 5 per cent agar, in 
distilled water 

The antibacteiial spectra of isolated mutants were determined by the usual 

At the Memorial Hospital, with the kind assistance of Miss E Eocht and Dr S Boll 
man, of the Pfaj-sics Department 
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counlcrstrcTk method jMmy mutant actmomycetes were aspoiogenous, or 
sjionilated I)ooII^ In ordci to get tijcsc to grow m a uniform, even line, it 
was helpful to use as an inoculum a loopful of a suspension prepared by grinding 
uj) the leathery aclmomycete mj'cchum with sterile powdered quartz in a drop 
of broth Such an inoculum w'as supeiior to the crude debris usually obtained 
when actmomjccte growth w-as minced with a needle Plates inoculated ivith 
the actmomjeetes were incubated at 28 C Instead of being countei streaked 
in the usual manner, the lest bacteria were suspended in melted nutiient agar 
(0 5 pei cent agar) at Jo C, and this suspension was pipetted in a thin line at 
right angles to the actinomjTote streak This method resulted m gi eater uni- 
formit} of end points The inoculated plates w’ere incubated further at 28 C 
o\ crnight and inhibition zones read as usual In some cases, when the differ- 
ence in acti\ itj' of mutant and parent strains w'as slight, both mutant and parent 
were inoculated at opposite ends of the same plate and tested simultaneously 
with the same suspension of bacteria, to further minimize variability in end 
points 


TABLE 2 


Anltbiolxc acliviltj of parent strains as determined by the counlcrstreaL method 


STRAIN 1 

UAXnnJM ZONE OF INHIBITION AGAINST 


It lysodexkUcus | 

E coh B 

S albosporeus ATC 3003 

mm 

3 

mm 

1 

5 albtts ATC 3004 

0 

0 

S ccllulosac ATC 3313 

3 

1 

)S flaieolus ATC 3319 

4 

0 

S gnseus ATC 3320 

6 

1 

S violaceus ATC 3355 

0 

0 

S viridoehromogenus ATC 3356 

1^ 

0 


RESULTS 

Slrepiomyces albosporeus 3003 Table 2 show's the activity of the parent 
strain of S albosporeus and other cultures as disclosed by the preliminary counter- 
streak tests The parent S albosporeus is fairly active against ilf lysodeikhcus, 
but show's only trace mhibition of E colt Hence the mutant type to be searched 
for was one active against E coli 

X-rayed conidia (survival rate, 9 3 X 10'® to 2 X lO"^) were plated on nutnent 
and on yeast extract agar Onlj' those colonies with zones of inlnbition agamst 
E coh of over 2 mm were classified as mutants As show'n m table 3, about 
0 03 per cent of the 13,530 strams tested were active mutants The zones of 
the 5 mutants found were 3, 4, 5, 9, and 10 mm m radius, lespectively The 
most active mutant showed on first isolation a zone of inhibition agamst E 
coll B over 60 times greater than that shown by the parent stram S albosporeus 
was thus demonstrated to have the potentiahty of mutatmg to activity against 
E coll 
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TABLE 3 

Production and frequency of aniibiotically active mutants in irradiated actinomycelc 

suspensions 


ACnNOUYCETE 

i 

1 

TEST BACTERtUlt 

JBRADUTION 

H£Dnm 

M lysodeiklicus 

S aureus 

L colt 

No of 
colo- 
mes 
tested 

Mutants 
per cent 

No of 
colo- 
nies 
tested 

Mut 

ants 

per 

cent 

No of 
colo- 
nies 
tested 

Mut 

ants 

per 

cent 

S albosporeus ATC300Z 

X-ray 

Nutrient 
Yeast ex- 
tract 





n 

'o 03 
|0 04 

S of6«sATC3004 

1 

X-ray 

Starch 

tiyptone 

710 

0 0 



710 

0 0 

S cellulosae ATC 3313 

X-ray 

Nutrient 
Yeast ex- 
tract 

1 

■ 




* 

* 

S flaveolus ATC 3319 

X-ray 

i 

Ultra- 

violet 

None 

Nutnent 
Yeast ex- 
tract 
Starch 
tryptone 
Glucose 
nutrient 
Yeast ex- 
tract 

Yeast ex- 
tract 

3,280 

5,200 

3,800 

10,700 

Il0,890 

28,180 

0 43 

0 75 

1 9 

0 44 

0 03 

0 004 

1 


2,580 

3,100 

3,400 

10,500^ 

1 

16,40o| 

0 0 

0 0 

0 0 

u 

0 0 

S gnseus ATC 3326 

X-ray 

Nutnent 
Yeast ex- 
tract 
Starch 
tryptone 

1,900 

1 

1 

0 4 



16,400j t 
8,2400 01 

12,4000 02 

Ultra- 

violet 

Nutrient 

Nutnent 





21,520 0 02 
8,6400 Ot 

1 

S tnolaceus ATC 3355 

X-ray 

Nutrient 
Yeast ex- 
tract 

7,020 

3,660 

0 06 

0 03 



7,000 0 0 
3,790 0 0 

S tnridochromogenus 

ATC 3356 

X-ray 

None 

Nutnent 

Nutnent 


' 

2,420 

18,950| 

1 0 j 
0 02| 

2,600|0 04 


* Prpqpnce of active mutants queswouuun? 

t Sutants present, but number not ascertained Active colomes often 
^^^rSpoirireadiated after being spread over agar plate 


buried by test 
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Strcpk)7nijccs albus SOO 4 Tabic 2 shows that the parent strain had no activity 
against M lysodciUicus 01 E colt The pool sporulation of this culture made 
it difficult to obtain suspensions wth a high enough concentration of spores to 
allow for irradiation wth the highly lethal dose of 300,000 r Hence suspen- 
sions were irradiated wntli only 175,000 r The survival w^as 1 4 X 10~^ Ir- 
radiated conidia were plated on starch tryptone agar, and 1,420 colonies in all 
w ere tested against ilf lysodcikttcus or E colt No active mutants were found 
(table 3) The poor sporulation made this strain difficult to w'ork with, and 
further study was not attempted 

Strcpiomyces cdlidosae 8S1S A preliminary test (table 2) of the parent 
culture disclosed activity against M lysodetkheus, but only trace activity against 
E coh Hence mutants active against E coh were looked for X-rayed conidia 
(survival rate, 4 6 to 5 3 X 10“*) were plated on nutrient and on yeast extract 
agar, and 16,750 colonies were tested for activity against E coh The majonty 
of the colonies were inactive, but of the 9,350 colonies on nutrient agar (table 3), 
34 had zones of betw'een 0 5 and 2 mm in radius and 3 had zones of 2 mm None 
had zones over 2 mm The 3 with zones of 2 mm were the only ones that could 
possibly be considered mutants, at most they showed only slightly greater 
activity than the parent (table 4) The expenment on yeast extract agar (table 
3) gave a similar picture The potentiality of S cellulosae for mutation to 
activity against E coh is hence questionable 

Slreplomyccs flaveolus 8319 The parent stram showed no inhibition of E 
coh and trace inhibition of M lysodetkheus (table 2) In one expenment a 
suspeasion was irradiated with ultraviolet light for a dose of 11,000 ergs X mm“^ 
(sunuval rate, 44 X 10“*) In othei experiments the conidia were treated 
with X-ra 5 "s as usual (survival rate, 3 3 X 10“* to 7 4 X 10“*) The first tnals 
showed that irradiated spores of this stram had an unusually high frequency of 
mutation to antibiotic activity, hence jS flaveolus was extensively studied Ir- 
radiated spores of this species, and some of the others, were plated on several 
different media in addition to nutrient agar because of the following considera- 
tions (1) Assuming the mutants to be different from one another, some may 
require or prefer one medium, others another medium for antibiotic expression 
(2) Biochermcally deficient mutants may require a richer medium than nutrient 
agar for growth The media used were yeast extract, nutrient, glucose nutrient, 
and starch tryptone agars 

All colomes havmg zones of inhibition of at least 1-mm radius when tested 
against M lysodetkheus, or a visible zone at all agamst E coh, were scored as 
mutants The frequency of mutants in X-rayed suspensions (table 3) vaned 
according to the media, ranging from 0 43 per cent on nutnent agar to 1 9 per 
cent on starch tryptone agar It must be emphasized that these figures merely 
mdicate a trend and are not exact measures of the influence of medium on ap- 
parent mutation frequency Since we weie primarily interested in the mutants 
themselves, no attempt was made to obtam statistically accurate data on muta- 
tion frequencies 

On yeast extract agar, mutant colonies were stnkmgly differentiated from 
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inactive colonies The size of the zones of the mutants vaned from 1 to 12 mra 
m radius Morphologically many of the mutants were distinct from the other 
colonies, very tiny, slow-gromng, but highly active mutants being relatively 
common Many of the active mutants were also asporogcnous There ivere 
also colomes with inhibition zones which, however, did not appear different 
morphologically from the parent t3rpe colony 
Mutant colomes on starch tryptone agar, although present at a higher fre- 
quency than on other media, were relatively inactive— the most active one having 
a zone of only 4 mm 


Ultraviolet wradiation as well as X-irradiation mduced the formation of 
active mutants (figures 1, 2) Too few expenments were done with the former 
agent, however, to enable us to make a valid comparison of the relative efficacy 
of the two forms of uradiation (but see Kelner, 19485) 

As controls, nonirradiated comdia were plated on yeast extract agar and 
tested against M lysodetkhcus The majonty of colonies had no inhibition 
zones, about 25 out of the 28,180 tested had zones of about 0 5 mm, and 1 
colony had a zone of 5 mm Usmg the same criteria for scoring mutants as in 
the expenments with irradiated spores, this gave a frequency for spontaneous 
mutation to antibiotic activity of 1 28,000 or 0 004 per cent, as compared to 
0 79 per cent in the best irradiation expenment on yeast extract agar, and 1 9 
per cent on starch tryptone agar 

Streptomyces gnsem 3326 This stram was isolated by Dr Waksman over 30 
years ago and has been reported to be mactive (Waksman el al , 1946) In our 
preli min ary tests (table 2) it did not inhibit M lysodeillicus but showed trace 
inhibition of E coh X-rayed comdia (survival rate 2 2 X 10“’ to 1 7 X 10"^) 
were plated on vanous media and tested for the presence of active mutants 
agamst M lysodeillicus and E coh (table 3) All colomes -with zones of in- 
hibition of 1 mm or over against M lysodeillicus, or over 1 mm against E colt, 
were scored as mutants There were many colomes with zones of about 2 mm 
against E coh, which w ere difficult to classify These colomes w^ere asporoge- 
nous, easily wetted, and partially buned by the test layer Most other colomes 
with their lyophobic spores were not buned by the test layer but surrounded by 
it In some cases, where an active asporogenous colony was only buned on one 
side, the inhibition zone wms larger on that side, showing that there was a direct 
relationship between submersion of the colony by the test layer and inhibition 
of the bactena Since such colomes were not clear-cut antibiotically active 
mutants, they are not included m table 3 ’ 

Clear-cut antibiotically active mutants were found however, including one 
mutant, pnseus-mutant-1, probably forming streptomycin (table 4) 

Slrepiomyces molaceus 3355 The parent strain had no activity against M 
lysodeillicus or E coh (table 2) X-rayed suspensions (survival rate, 21 X 
10“’ to 1 0 X 10“’) were plated on nutnent and on yeast extract agar, all rc- 
sultmg colomes with inhibition zones were scored as mutants Five colonies, 

5 'In all the other actinomycete species tested, bunal of the colony by the test lajcr 
either made no difference or led to a decrease in zone size 
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With inhibition zones of 0 5 to 2 5 mm, were found to be active against M 
hjsodciLlicus, but none were found active against E coh 

TABLE 4 


Analyses of haclcrial spectra of several tsolalcd antibioltcalh/ active mutants, and comparison 

with the respective parent strains 


STRAIN 

AGE 

ZONE or ivniDinoN of 

B sub 
hits 
6633 

B m\ 
cotdfs 1 
9634 

mm 

10-15 

1-2 

0 

M ty 
sodetk 
ttcus 

s 

aureus 

9144 

L colt 
B 

aeru 
j gtnosa 
10145 

K pneu 
monxat 
9997 

Parent strain of S flavcolus 

days 

1 

2 

3 

4 

mm 

1 1 

1 

^ 1 
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Sireplomyces mndochromogenus 3356 The parent strain when tested by the 
counterstreak method showed trace inhibition of M lysodeiLiicus E coh was 
not inhibited (table 2) X-irradiated S mndochromogenus spores were tested 
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M f aureus NRRL 313, instead of the more-chfficult-to-handle 
M lysodeikheus By the time ^ mndochromogenus was under test, expenence 
had shown that M lysodetkhcus was not a particularly antibiotic-Snsitive 
stram, as had been thought at first By the counterstreak method mndo- 
chromogenus showed no, or only trace, inhibition of S aureus But when nonir- 
radiated spores were seeded on plates, m control experiments, the individual 
colonies umformly showed inhibition zones of 1 5 mm Out of 18,950 colonies 
from nomrradiated spores, there were only 4 with zones of over 2 mm, these 
were scored as spontaneously occurrmg mutants (table 3) 

X-rayed S mndochrotnogenus spores (survival rate, 4 2 X 10-®), were plated 
on nutrient agar, and the colomes tested for activity against S aureus or E coh 
All colomes with zones of mhibition against S aureus over 2 mm, and with any 
zones of inhibition at all against E coh, were scored as mutants The frequency 
of mutants active against S aureus m irradiated spores was 1 0 per cent, as 
compared to 0 02 per cent m the controls Only 1 mutant active against E 
coh was found among 2,600 colomes Smce the frequency of coh inhibitors 
among irradiated spores was so low, no tests were made of the frequency of 
coh inhibitors in nomrradiated spores 

In plates that had been seeded with irradiated spores the majority of the 
colonies (presumably nonmutants) had no inhibition zones at all against S 
aureus Such inactive colonies when isolated and tested further showed the 
same slight activity as the parent stram This apparent loss of activity in 
irradiated spores was not, then, due to a high frequency of mutation to loss in 
antibiotic activity, but to some other cause 

In plates seeded vuth irradiated spores, the antibiotically active mutants 
stood out with beautiful clarity (figures 3 to 8) Diverse morphological types 
with high activity appeared, some of the most active mutants bemg tmy, feebly 
growing strains (figures 4, 7) There were also colomes with active sectors, in 
which the sector was morphologically distmct (figure 8), and also others with 
distorted zones, m which no distinct sector was seen in the colony Here an 
active sector was perhaps present but mvisible because it was morphologically 
similar to the mactive parent 

That the colomes with inhibition zones about them were genuine antibiotically 
active mutants was shown by the fact that 2 mutants isolated in pure culture 
had 5 times the activity of the wild type 


The Isolation and the Quantitative and Qualitative Charactenstics of Some of the 

Antibiotically Active Mutants 

The evidence presented thus far has shoivn that antibiotically active mutants 
are present in a low frequency m irradiated cultures of many actinomycetes 
When the frequency of mutants m irradiated cultures was very low (as m S 
albosvoreus or S molaceus) no control expenments with nomrradiated spores 
were made However, the extensive control expenments made with S Jlaveotus 
and S mndochromogenus showed that nomrradiated spores of these species 
invanably had a far lower frequency of mutation than irradiated spores Oon- 
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trols included tests with incubation periods of various intervals, instead of the 
arbitrarily selected 4- to 6-day period in irradiated plates, to ensure that the 
differentiation of colonies in test plates was not due to the fact that the mutation 
was chiefly one of different optimum age for antibiotic production, so that after 5 
days of incubation some colonies happened to be at their peak of production, 
vhilc the majority of colonies had passed or not yet reached their peak Muta- 
tion to different optimum age for antibiotic production was mdeed involved m 
oui phenomena, as will be discussed later, but our controls, and the evidence 
vath isolated mutants to be presented, showed that this was a minor factor 

Conclusive evidence that the colonies vath inhibition zones about them were 
antibiotically actn e mutants depended naturally on the study of the mutants 
m pure culture 

Isolaiton of mulanis To isolate an active colonj' the agar contiguous to the 
colony was carefully removed with a red-hot needle, and a bit of the actinomy- 
cete grovi-h (if necessary first ground up wth quartz powder as previously 
described) was streaked on fresh medium Contamination with the test bacte- 
num was rarely encountered This procedure usually sufliced to isolate a ho- 
mogeneous, active, pure culture of the mutant 

Often, however, the mutant was not so easily isolated in the pure and active 
state Occasionally subcultures of an active colony were mactive Further 
mvestigation disclosed that in such cases the original mutant colony was prob- 
ably a miNture of active and mactive components, the latter usually m the 
majority For example, it was desired to isolate a mutant S flaveolus colony 
that on the onginal plate had a zone of 2 mm This colony was streaked out 
on several plates of fresh agar After 2, 3, 4, and 7 days of mcubation at 28 C a 
test layer of M lysodcihlicus was added to these plates and the activity of the 
colomes ascertained In the 7-day-old plate (the only one with active colonies) 
there were 60 totally mactivevcolonies and 3 colomes with zones of 3 mm These 
3 were then streaked on fresh media and tested as before All 3 active colonies 
were small slow-growmg ones, and only one was successfully transferred Most 
of the subcolomes denved from the latter were active, with zones of about 2 mm 
Five isolates were made from the last plates and tested by the counterstreak 
method Of these isolates, 1 was inactive, 1 had trace activity hke the parent 
(zone of 0 5 mm), 2 had zones of 1 mm, and 1 had a zone of 2 mm The latter 
was isolated on a slant and saved as a pure culture of an antibiotically active 
mutant of S flaveolus It is thus evident that in some cases the mutant colomes 
are heterogeneous in composition The cause of this heterogeneity is unclear, 
it IS hardly likely that mactive components came from spores washed off neigh- 
boring mactive colomes Such spores vere carefully excluded by the method 
'(ii isolation Heterogeneity was also observed in colomes on plates where all 
the colonies were asporogenous Eeversion of the mutant during formation of 
the first colony or a delayed mutation (Demerec and Latarjet, 1946) to activity 
would both result m such heterogeneity 

A further comphcation was that many of the active strams were tmy, feebly 
growing ones that often did not grow out when transferred It is hkely that 
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special techniques and special media may be necessary to isolate such colonies 
which may weU have characteristics of unusual mterest In morphology thev 
resemble somewhat the “microscopic” mutants of Chaetoimum globosum de- 
scribed by Ford (1 948) Since enough other mutants were successfully isolated 
to enable us to make a fairly adequate study of the behavior of active mutants 
m pure culture, the problem of the isolation of the feebly growmg mutants was 
not investigated further 


Morphological types represented among the active mutants Although there 
was no stnct correlation between gross morphology and antibiotic activity, 
many active mutants differed from the parent type m appearance (figures 1, 2, 
4, 7) This was especially true for S fiaveolus and jS wndochromogenus In 
these species a large percentage of the active strains were slow-growing colonies, 
sometimes groiving to only about one-twentieth the diameter of the parent type 
colony Many active strams were also asporogenous In all strains, however, 
active mutants were found resembhng the parent type, often mdistmguishable 
from it (figures 5, 6) 


The range of morphological types is illustrated by mutants of S fiaveolus 
The mutants whose descriptions follow w'ere isolated m pure culture and grown 
on nutrient agar at 28 C They are to be compared to the parent type, which 
on nutrient agar had moderate to abundant whitish vegetative growth, with 
moderately abundant hght gray spores, reverse, gray to faint drab tan, no pig- 
ment in the agar 

Mutant 1 Sparse asporogenous gray vegetative growth, no pigment in the 
agar or mycelium Mutants Sparse growth with moderate white sporulation, 
moderate yellow pigmentation m agar, this was morphologically similar to the 
yellow mutant of *8 fiaveolus described by Kelner (19486) Mutant 3 Moder- 
ate, asporogenous growd;h, no pigment m agar or mycelium Mutant 4 Very 
scant yellowish groivth, asporogenous, no pigment in agar Mutant 5 Moder- 
ate growth with moderate white sporulation, faint yellow reverse, but no yellow 
pigment diffusing mto agar Mutant 6 Abundant growth, with abundant 
gray spores, reverse, gray to tan, moderate browmng of the agar 
The foregoing descriptions are not meant to be statistically representative of 
the active mutants but merely show the range of variation in the one species 
Analysis of the antibacterial spectra of the mutants In the prehmmary tests, 
the wild t 3 q 3 e cultures had been tested for activity against not more than two 
arbitrarily selected bacteria, for the primary aim had been to determine whether 
mutants wmuld be formed which had activity against an orgamsm against which 
the parent culture was either only shghtly active or totally inactive 

In order to detenmne whether the antibiotics formed by the induced mutants 
of a smgle parent culture differed quahtatively from each other, the isolated 
mutants were tested against representative test bactena, and the antibacterial 
spectra thus obtamed were compared with one another 

In addition to M lysodnldicus and E coh B, the spectrum bactena (sugges e 
bv Kavanagh, 1947) included Bacillus subhlis ATC 6633, Bacillus cereus var 
mycoides ATC 9634, Staphylococcus aureus ATC 9144, Pseudomonas aeruginosa 
ATC 10145, and Klebsiella pneumoniae ATC 9997 
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The spectra of the parent strains served as controls Many of the parent 
stiains pioved to have considerable activity against one or more bacteria, al- 
though (heir activity against the arbitrarily selected organisms tested in the 
pichminaij’^ experiments was negative or very slight Thus S flavcolus had 
considerable activity against B mycotdcs (table 4), although it had no activity 
against M lysodaUxcits The fact that m some cases the parent strain had a 
fairly ncll characterized spectrum enabled us to compare the mutants not only 
vith each other, but also vith the parent strain 

The results are summarized in table 4 Only the spectra which were repro- 
duciblj' obtained in 4 or 5 separate tests are listed, and where preliminary tests 
shoved that only a few critical bacteria seiwed to differentiate the antibiotics, 
only the results with these differentiating bacteria are shown 
At least 3 qualitatively different antibiotics are represented among the mutants 
isolated from S flavcolus The B mycoides to M lysodciUicus inhibition ratio 
of ^arcofus-mutant-S is about 1, whereas the B mycoides to M lysodeiLticus 
inhibition ratio of the parent strain is over 15 ® Therefore the antibiotic pro- 
duced by flaveolus-vmitaxii-i is clearly different qualitatively from that produced 
by the parent strain, or it consists of a mixture of antibiotics, at least one of 
vhich IS not formed by the parent 

Flaveolus-mntantA is differentiated from the parent stram by its relatively 
greater activity against B subtihs and S aureus Because the differentiation 
V as not as clear-cut as desirable, 7ZoyeoZws-mutant-4 and the parent stram were 
tested several times on the same plate under identical conditions The differ- 
entiation was consistent 

Flaveolus-mutant-G was charactenzed by high activity, especially against the 
gram-positive orgamsms and against K 'pneumoniae It was differentiated from 
the parent stram most clearly by its B mycoides to K pneumoniae inhibition 
ratio, which equaled about 0 6, as contrasted to the B mycoides to K 'pneumoniae 
inhibition ratio of the parent stram, which equaled over 15 
As for the differentiation of the antibiotics of the flaveolus mutants from each 
other, ^areohis-mutant-3 is differentiated from flaveolus-nmtantA. by its B 
mycoides to M lysodeihticus inhibition ratio, and from flxiveolus-miitaxit-G by its 
B mycoides to K pneumoniae inhibition ratio Flaveolus-mubant-Ai is differ- 
entiated from ^areofiis-mutant-G by its B mycoides to M lysodeikticus inhibition 
ratio Thus it is seen that the mutants differ qualitatively m the antibacterial 
spectrum both from the parent strain and from each other 

The mutants cited m table 4 are too few in number to serve as a statistically 
sigmficant sampling of the mutant population denved from S flaveolus It is 
clear, however, that at least 3 different antibactenal spectra ar6 present among 
the mduced mutants of S fluveolus 

On some media, such as yeast extract agar and glucose nutrient agar, the wild 
cultures of S flaveolus showed some very fleetmg antibiotic activity, or m the 

' The inhibition of B mycoides by ^a[>eoJws-inutant-3 (table 4) was 21 mm, the inhibition 
of M lysodeil ticus was 22 mm Therefore the B mycoides to M lysodeil ticus ratio equals 
21 to 22, or about 1 The other inhibition ratios mentioned in this section are calculated 
in a similar manner 
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5 f nutnent agar, partial and variable inhibition of M lysodeilhcim 
^tibiotic activity was shown only by cultures not more than 1 day old When 
duplicate plates inoculated from the same suspension of spores of the vild strain 
of fiaveolus were tested at the same time, usually not more than one of the 
plates showed inhibition of the bacterium It was evident that the anti-li/- 
sodeikticus antibiotic when produced by the parent strain was piobably present 
for only a few hours 

One mutant of S albosporeus was isolated Its spectrum is differentiated 
from the spectrum of the parent by the B coh to K 'pneumomae inhibition ratios 

The S cellulosae mutant studied had a consistently slightly higher activit}^ 
against E coh than the parent Except for the 1-day-old plate, the B stibhbs 
to B mycotdes inhibition ratios are the same for both parent and mutant, and 
theiefore the antibiotic produced by the mutant is probably similar to that of 
the parent 

Four S gnseus mutants were studied in detail The parent strain, S gnsew 
ATC 3326, w as so inactive that no defimte spectrum of it could be determined, and 
the mutants are to be compared with one another rather than with the parent 
GnscMS-mutant-l was highly active against the gram-negative and gram-posi- 
tive bactena tested Because of its ongin it was thought that the antibiotic 
produced by it might possibly be streptomycin Dr F Carvajal (of Schenley 
Laboratones, Inc) kindly compared this mutant with knoivn streptomycin- 
produemg S gnseus strams The spectrum of our mutant as determined by 
the cross-streak method was identical with that of known streptomycin pro 
ducers Unfortunately chemical isolation of the antibiotic was not feasible, 
and therefore conclusive evidence of its identity is lacking Considering the 
history of the mutant, some close relationship of its antibiotic to streptomycin is 
probable Its activity against B mycotdes and K -pneumoniae (as well as other 
charactenstics) diff'erentiates the antibiotic of gnseus-mutani-1 from gnsem 
(Reynolds and Waksraan, 1948) 

The mactmty of grt5Cws-mutant-3 against P aeruginosa differentiates it from 
^rwews-mutant-l The spectrum of gnseus-mutant-3 resembles in some re- 
spects the spectrum of flaveohiS-mutant-6, and it was thought for a time that 
both mutants were contaminants Clear-cut differences are found however 
between the two m the inhibition of P aeruginosa and S aureus 

The B mycoides to K pneumoniae inhibition ratio of fiinseiis-mutant-4 differ- 
entiates it from gnseus-mutants-1, -3, and -5 The antibiotic produced by 
grtseus-mutant-5 cannot be clearly differentiated from gnseus-mutant-1, mainly 
because the general activity of the former was too low to permit accurate com- 
panson of its relative inhibition of S aureus, E coh, P aeruginosa, or K pneu- 
moniae with the inhibition of these organisms by ^nseus-mutant-G There w ere, 
then, at least 3, and possibly 4, different antibiotics represented among the 
mutants of S gnseus 3326 


DISCUSSION 

We have shown that a population of irradiated cells of an antibioticaily nega- 
tive actmomycete culture will usually contain antibioticaily active members 
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That manj' of these active stiains ha\c ansen as a icsult of irradiation is indi- 
cated liy the fict that when control experiments of noninadiated cultures v,eie 
made, the pioportion of antibioticaliy active colonies was imanably much lowei 
than in irradiated populations With material such as the actinomycetes, m 
which the nucleai storj’’ is obscuie, it is difScult to demonstrate conclusively 
that the antibioticaliy active colonics w'crc induced mutants, rather than colonies 
in which the character foi antibiotic production was segregated, etc In this, 
howcvei, the actinomycetes aie in precisely the same position as the bactena, 
in w hich e\adence is accumulating that irradiation induces gene mutation of the 
same character as in higher forms It would be desirable to repeat our experi- 
ments wnth material more suitable foi genetic analysis 

B}' the nature of the test methods used, and by the fact that the material did 
not favor precise genetic anal3fsis, several phenomena which could have led to 
the appearance of active colonies m our plates must be considered (1) The 
active colonies were not derived from the parent cultme at all, but were con- 
tammants (2) The mutation did not consist of an increase in antibiotic 
activity per se, but it consisted of a physiological change leadmg to a more 
prolonged penod of antibiotic formation (3) The mutation w as a physiological 
change leading to antibiotic activitj'' which was at its optimum at precisely the 
time the tests w'ere made 

Contamination could have played but a minor role m the phenomena reported 
here The active mutants of S jlaveolus, S gnsevs, and S mndochroniogenus 
were reproducibly formed in great enough abundance to make a contamination 
hj-pothesis unlikely Moreover, in the case of 5 gnseus it is scarcely likely that 
the streptomycin producer was a contaimnant, since despite most mtensive 
efforts m many laboratones streptomycin producers have been found only 
rarely, and it is unlikelj" that it w ould have come in as a contaminant from the 
air in our tests It should be pointed out that w’hen the active mutants were 
present in very small proportion (as in the S albosporeits experiment) contaimna- 
tion becomes difBcult to rule out The notorious vanability of actinomycetes m 
morphology makes a taxonomic comparison of mutant strams with the parent 
strains an uncertain means of determinmg ancestry However, we may reason- 
ably conclude from all these considerations that contamination was not an im- 
portant factor in our expenments 

That change in the optimum age for antibiotic production or prolongation of 
the penod durmg which the antibiotic was formed were not major factors is of 
course shown by the comparative tests of isolated mutants with their parent 
strains, as well as by the controls made m some cases with the nonirradiated 
strams In the case of S Jlaveolus, however, there was some mdication of 
ephemeral activity of the parent stram In S jlaveolus the parent perhaps 
accumulated enough antibiotic to be detected for only a bnef penod, either 
because the antibiotic was further metabolized or because it was destroyed, or 
an antibiotic inhibitor was formed One may speculate that the mutant ac- 
cumulated antibiotic because of an enzyme block (Beadle, 1947) preventmg the 
utilization of the antibiotic or preventmg the production of an antibiotic m- 
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hibitor Further tests with cheoucaUy punfied metabohc products of parent 
and mutant strains would clanfy these problems There is always, of course 
the possibihty that the mutation is one leadmg to a change in the medium opti- 
antibiotic production— m our case usually a change from a condition 
m which antibiotic cannot be produced on nutnent agar to one m which it can 
be produced on this medium In other words, it is always possible that the 
parent stram would have produced the same antibiotic as the mutant, if only 
it were grown on some special medium This possibility cannot, of course, 
ever be ruled out, since to do so the number of vanant media on which the parent 
would have to be grown would be infinite 

These considerations are mentioned to mdicate the complexity of the problem 
and to point out that it would be madvisable to speak about a mutant that per 
se forms an antibiotic as contrasted to its parent, which per se does not form an 
antibiotic They also mdicate some of the problems whose clarification is 
necessary for a complete understandmg of antibiotic formation and the role the 
antibiotic plays m the orgamsm producing it What we have clearly shown is 
that, by irradiation, we can mduce the formation of strains that have activity 
agamst certam bactena agamst which, under our conditions, the parent stram 
IS mactive or only shghtly active 

The diversity of the antibactenal spectra of the mutants indicates that in 
some cases quahtative changes m the chemistry of the antibiotic occurred First 
of all, such a quahtative change may be mistaken for the newly acquned pro- 
duction of antibiotic when all that happens is that the quality of the antibiotic 
produced by the parent has been changed by the mutation m such a manner 
that it inhibits the test organism relatively more powerfully than the antibiotic 
formed by the parent 

Conclusive evidence that a quahtative change has been made by the mutation 
m the antibiotic formed by the parent culture would necessitate chemical ex- 
traction and charactenzation of the antibiotics However, the histoiy of anti- 
biotic research contains instances m which a difference m chemical structure 
between two antibiotics was first disclosed by a difference in antibiotic spectrum 


(Schatz et al , 1944) In our tests it is conceivable that some change m spectrum 
rmght have come about by the formation of a mixture of antibiotics, or by the 
additional production of some nonantibiotic material by the mutant that affects 
the antibactenal action of the antibiotic If these diverse spectra among the 
mutants do, however, mdicate quahtative differences, then we have in induced 
mutations a tool for producing a host of diverse chemical changes m an anti- 
biotic, even before it has been isolated and extracted Since chemical punfi- 
cation is often a long and tedious process, the utihty of this phenomenon is 
obvious Such chemical changes may also be brought about m metabolic 
products, other than antibiotics, given only a sensitive test for their detection 
Mutations resultmg m the mcreased production of an antibiotic by fungi 
have been reported, as m the mcreased production of penicillin by mutan 
X-1612 of Penicilhum noiaium (Demerec, 1945) and denvatives of A.-I 
(Backus et al , 1946), or m the mcreased production of other metabohc produc 
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(Lockwood cl al , 1945, see also Hollaender, 1945) In the experiments just 
cited, the staiting cultures have been strains with an aheady considerable 3 neld 
of the desired metabolic product Our experiments have differed from these, 
among other ways, m tint we deliberately started with cultures having no or 
trace yield The implications m our work is that substances produced in, at 
most, trace quantities by a parent strain may be produced abundantly by a 
mutant Now, every microorganism must produce during growth or autolysis 
thousands of trace quantities of metabolic products, the nature and biological 
activitj’’ of most of which are quite unknown Mutation may cause one or the 
other of the products to be produced m great enough quantity to be detected, 
at least by a biological test Therefore, by genic manipulation of the cell we 
have a means for obtaining, m quantities sufficient for study, many of the meta- 
bolic products of the living organism that would otherwise be undetectable ^ 
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Seven actmomycete strains were selected from the American Type Culture 
Collection on the basis of their having either no or only trace antibiotic activity 
against either Micrococcus lysodeiklicus, Escherichia coli, or both The acti- 
nomycetes were Slreplomyces albosporeus ATC 3003, Strepiomyces albus ATC 
3004, Slreplomyces cellulosae ATC 3313, Strepiomyces flaveolus ATC 3319, Strep- 
iomyces gnseus ATC 3326 (a non-streptomyem-produemg strain), Slreplomyces 
molaceus ATC 3355, and Slreplomyces inndochromogenus ATC 3356 By 
means of irradiation with X-rays, or m some cases with ultraviolet hght, as 
high a frequency of mutation as feasible was induced in conidial suspensions 
of these antibiotically mactive actinomycetes Large populations of irradiated 
conidia were then tested for the presence of mutants with antibiotic activity 
against a bacterium, either M lysodeiklicus, Staphylococcus aureus, or E coli, 
against which the parent culture was inactive 

Antibiotically active mutants were found in all but 2 {S albus and S cellulosae) 
of the 7 actinomycetes studied Therefore, probably most actmomycete strains, 
including those apparently inactive, can be induced to form antibiotically active 
mutants A mutant originating from the mactive S gnseus ATC 3326, produced 
an antibiotic that was either streptomycin or a closely related antibiotic Ac- 
tive mutants were present at a frequency ranging from 0 01 to 19 per cent 
Many of the mutants were types that would probably mot survive in natural 
habitats 

The mutants obtamed from one parent culture often differed from one another 

’’ This concept and others in the discussion are derived in large part from the pioneer 
studies of Beadle and Tatum on the biochemical genetics of Neurospora (Beadle, 1947) 
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IB their antibactenal spectra, suggesting that mutants forming diverse, qualita- 
tively different antibiotics could be mduced to form from a single parent culture 
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THE EFFECT OF FATTY ACIDS ON THE OXYGEN UPTAKE OF 
BLASTOMYCES DERMATITIDIS 
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Received for publication October 4, 1948 

Blastomyces dermalilidts, a fungus pathogenic for man, exists in two morpho- 
logical forms, a yeasthke form m tissue and at 37 C, and a mycelial form at room 
temperature Bemheim (1942) reported that acetate stimulated the oxygen 
uptake of this organism, but the higher members of the fatty acid senes, palmi- 
tate, stearate, and oleate, inhibited oxygen uptake In vieiv of the mcreased m- 
terest m the fatty acids as fungistatic agents, it seemed desirable to mvestigate 
further the effect of fatty acids on the respiration of Blastomyces dermahiidis 
The present study was imdertaken to determme the effect of the structure and 

TABLE 1 

The effect of fatty aeids on the oxygen vptahe of Blastomyces dermatitidis 


rERCENT\GE OT STTMUIATION OR 

SUBSTRATE (r&ALCOVC «/300) 

I Strain 1 I Strain 2 


Acetic j 

+21 

1 +23 

Propionic 

+21 

+44 

ButjTic 

+60 

+60 

Valeric 

+80 

+50 

Caproic 

+70 

+94 

Heptylic 

+67 

+91 

Caprylic j 

+73 

+92 

Pelargonic 

-54 

-52 

Capnc 

Complete inhibition 

Complete inhibition 

Undecylic 

Complete inhibition 

Complete inhibition 

Launc 

Complete inhibition 

Complete inhibition 

Oleic 

Complete inhibition 

Complete inhibition 

Linoleic 

Complete inhibition 

Complete inhibition 


+ = Stimulation, — = inhibition 


length of the carbon cham m the fatty acid senes upon the oxygen consumption 
of this organism 

Two strains of Blastomyces dermatitidis, obtamed from Dr Esther Meyer of 
this university, were used for the present mvestigation Four-day-old cultures 
of the yeast phase, grown at 37 C m KoUe flasks on the peptone glucose agar 
medium, described by Levme and Ordal (1946), were harvested m m/100 phos- 
phate buffer, pH 6 3, and washed twice by centrifugation After the second 
washmg, the cells were packed by centrifugation for 5 mmutes at 1,400 rpm 

93 










94 


SEYMOtTK LEVINE AND iIXLAN NOVAK 


Ivor, 57 


A 1 10 dilution of the packed cells was prepared m m/20 phosphate buffer, pH 
6 3 Studies of the oxygen consumption were made in a Warburg apparatus 
using the techniques described by Umbreit, Burns, and Stauffer (1945) The 
determmations were made in an atmosphere of air at pH 6 3 One ml of the 
1 10 dilution of cells was added to each flask and all determinations were run m 
duplicate The fatty acids were prepared as the sodium salts and used in a final 
concentration of m/300 The results obtamed with both strains are shown m 
table 1 

All of the acids from acetic through caprylic’ stimulate oxygen uptake The 
acids with longer carbon chams than caprylic acid inhibit oxygen uptake In- 
creasing the number of double bonds m the molecule, as in the case of oleic and 
Imoleic acids, has no effect on the inhibition of oxygen uptake Of particular 
interest is the observation that both propionic and caprylic acids, which inhibit 
the growth of the dermatophytes, stimulate the oxygen consumption of this 
fungus in the concentration used Preliminary studies indicate that branching 
of the carbon chain, such as occurs in isovaleric acid, results in a pronounced de- 
crease m the ability to stimulate respiration 
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Methods for the determination of galactose in the presence of other sugars by 
differential fermentation ituth yeast have been used since 1914 Kluyver (1914) 
observed that certain strains of yeast ferment galactose and developed a method 
of measuring fermentable sugars by carbon dioxide evolution Hopkms, Peter- 
son, and Fred (1930) emploj^ed a modification m which they measured residual 
reducing sugar after 8 days’ fermentation with selected yeasts Hardmg and 
Nicholson (1932-33, 1933) and Scott and West (1936) used restmg yeast sus- 
pensions for fermentation and reducing sugar methods to analyze sugar mixtures 
for glucose and galactose They also determined lactose by employing acid 
hydrolysis follow ed by fermentation and reducing sugar analysis Kahlenberg 
(1938) also determmed glucose, galactose, and lactose by differential fermenta- 
tion with yeast suspensions His method was mconvement in that a 5-day m- 
cubation period with aeration was required to obtain the cells, and a high reduc- 
mg value of the yeast suspensions decreased the precision of the method Wise 
and Applmg (1944) determined galactose at levels of 20 to 150 mg m the pres- 
ence of other sugars by selective fermentation with yeast suspensions with a re- 
covery of 92 to 98 per cent as determmed by the reducing value after 48 hours’ 
fermentation 

With the exception of lUuyver’s method, which employs a gasometer to 
measure carbon dioxide evolution, all of these methods are similar m three re- 
spects (1) the use of yeast strams that are specific for one or more sugars, (2) 
the 3- to 8-day incubation period to obtain large cell crops, and (3) the determma- 
tion of reduemg sugars before and after fermentation for periods varying from 
30 minutes to 6 days All of the reducing sugar methods require great care m 
harvesting and washmg the cells in order to avoid high endogenous reducing 
values 

The purpose of this paper is to present a simplified, rapid micromethod for the 
determmation of galactose in the presence of other sugars With lactic acid bac- 
teria used for analysis, cells can be prepared overnight, and small amounts of 
galactose can be fermented by the restmg suspension m less than an hour, thus 
effectmg a considerable saving m time and ehmmating the necessity of sterile 
techniques m the fermentation procedures In addition, restmg cell suspensions 

' Present address Department of Physiology, New York State Veterinary College, 
Cornell University, Ithaca, New York 

2 Present address Anti-Biotic Division, Sterling-Winthrop Research Institute, Rensse- 
laer, New York 
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o actic acid bactena exhibit no endogenous fermentations, and the method is 
entirely pacific for galactose under the conditions described Fermented sugar 
solutiras can be analyzed for reducmg values, or, because lactic acid bacteria 
convert over 98 per cent of the sugar fermented to lactic acid (2 mols lactic acid 
per mol of hexose), the manometnc method for hydrogen ion formation can be 
employed The manometnc method offers the advantage that small quantities 
of sugar, as little as 200 micrograms, can be analyzed with accuracy, and only a 
small quantity of cells is required 


EXPERIMENTAL PROCEDURES AND RESULTS 


The present method takes advantage of the observation of Gunsalus and Wood 
(1942) that an adaptive enzyme for galactose fermentation is present m Slreplo- 
coccus maslihdts, stram 68C This culture, from the departmental collection, 
was transferred to a medium contammg 1 per cent tryptone, 1 per cent yeast 
extract, 0 5 per cent K2HPO4, and 0 2 per cent carbohydrate, one tube with 
glucose and a second mtb galactose After 2 to 4 transfers, at 16- to 24-hour 
mteiwals, with mcubation at 33 C, larger amounts of the same medium, usually 
100 ml, were moculated to obtain cells for the fermentation analyses After 16 
hours’ grondh at 33 C, the final pH of the medium containing glucose was about 
6 and that for galactose about 6 3 The cells were harvested by centrifugation, 
washed once with a half volume of 0 9 per cent sodium chloride, recentnfuged, 
and suspended m the desired amount of buffer For experiments m which reduc- 
mg sugar values were determmed, the cells were suspended m m/15 phosphate 
buffer at pH 7, in a concentration of 40 mg cells per ml, whereas for the mano- 
metnc determmations the cells were suspended in m/10 NaHCOa, 10 to 20 mg 
cells per ml buffer 

Dried cells can be used for fermentation experunents, these being prepared by 
suspending the washed cells in a small amount of distilled water and drying over 
“dnente” in a vacuum desiccator In this case the concentration of dned cells 
should be doubled m order to obtam the same fermentation rate as with live cells 

Reducing sugar oielhod Analyses for reducmg sugar were made according to 
the colorimetric method of Shaffer and Somogyi (1933) or by the Miller and van 
Slyke (1936) duect microtitration method Nelson’s (1944) adaptation of the 
Somogyi micromethod, with a range of 10 to 3,000 micrograms as glucose, seems 
wrU suited to the analyses of fermentation mixtures, although it was not em- 


ployed m these experiments 

A cell suspension, contammg about 40 mg, wet weight, of cells, is mcubated 
with 0 5 to 2 0 mg of carbohydrate m 10 ml of m/15 phosphate buffer, pH 7 0, at 
37 C for 30 minutes The fermentation mixture is then centrifuged and the 
supernatant analyzed for reducmg sugars The results of a typical experiment 
analyzed by a modified Sbaffer-Somogyi method are given m table I Hacli 
sugar mixture was fermented with cells growm on glucose and on galactose, the 
loss m reducmg value after feimentation with, glucose-grown celts represents tbe 
glucose present, and the loss after fermentation with galactose-grown cells 


5 The analj^ical data in tins table were obtained by Dr H H Doob 
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represents the total amount of glucose plus galactose If lactose is also present 
m a sugar mivture, the reducing value that remams after fermentation by the 
galactoso-gro^vn cells represents the lactose present, smce the organism does not 
ferment lactose 

The analyses of the fermentation mixtures made by this method give recovenes 
of 95 to 102 per cent of the sugar present at levels of 0 5 to 2 0 mg Concentra- 
tions of sugar below 0 5 mg could be analyzed but the accuracy was much poorer, 
recovenes ranging from 85 to 125 per cent of the sugar added 


TABLE 1 

Analysts for glucose, galactose, and lactose as determined hy reducing sugar before and 

after fermentation 


EUC^E ADDED 


Gluco«e, 

Galactose 

Lactose 

mg 

mg ; 

mg 


SDOAEDEFOEE I SDOAE AETEE 
rEEMEVTATIOV I FEEIIENTATION 
UG ' UC 


SCCAS 

EEEIIENTED 

uc 


EECOVXEY 

% 


Cells grown on glucose 


2 0 

0 

0 

1 97 

0 

1 97 

glucose 

99 

0 

2 0 

0 

2 01 

2 00 

0 


0 6 

0 5 

0 5 

1 50 

0 99 

0 51 

102 

0 2 

0 2 

0 2 

0 59 

0 36 

0 23 

115 

0 2 

0 8 

0 8 

1 79 

1 56 

0 23 

115 

0 S 

0 2 

0 8 

1 82 

1 04 

0 78 

98 

0 8 

0 8 

[ 0 2 

1 81 

1 00 

0 81 

101 


Cells grown on galactose 








gclaclost 

lactose 

2 0 

0 

0 

1 97 

0 

1 97 



0 

2 0 

0 

2 00 

0 1 

1 90 

95 


0 5 

0 5 

0 6 

1 51 

0 51 

1 00 

98 

102 

0 2 

0 2 

0 2 

0 59 

0 19 

0 40 

85 

95 

0 2 

0 8 

0 8 

1 79 

0 81 

0 98 

94 

101 

0 8 

0 2 

0 8 

1 82 

0 79 

1 03 

125 

99 

0 8 

0 8 

0 2 

1 81 

0 20 

1 61 

100 

100 


This method was used by Hsien-gieh, Faust, and Williams (1948) m the identi- 
fication of galactose as the sugar present m a number of cerebrosides 
Manomelnc method Manometnc analysis provides a simpler and more rapid 
method, which is useful at sugar levels as low as 200 micrograms The method 
used IS as follows The mam compartment of the Warburg cup contams the 
sugar sample, 1 ml of m/10 NaHCOs, and water to a total volume of 2 5 ml The 
side arm contams 5 to 10 mg of cells m 0 5 ml water The fermentation is con- 
ducted at 37 C under an atmosphere of 5 per cent CO 2 m N 2 After equihbration, 
the cell suspension is tipped into the mam compartment and readmgs are taken 
at 5-mmute mtervals rmtil the CO 2 evolution ceases, usually about 30 mmutes 
Resting cells grown either m glucose or galactose ferment glucose at a rate of 
Qq = 600, whereas those grown m galactose ferment this sugar with a Qo of 
about 200 Thus, m 30 mmutes, 10 mg of cells will ferment about 20 mg of glu- 
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TABLE 2 


F ermentalion of glucose and galactose by resting cell suspensions of Streptococcus 

mastitidis, 88C 


(Manometnc method) 


ILC SnCAB ADDED 

a 1 COl IHEOEY 

p! COl rooKD 

SXCOVEEY 

% 

Glucose 

Galactose 

Cells grown on glucose 





glucose 

0 6 


160 

154 

103 

0 2 

0 2 

50 

47 

94 

0 4 

0 4 

100 

102 

102 

1 0 

1 0 

250 

250 

100 

0 2 

0 6 

50 

57 

114 

0 6 

0 2 

150 

148 

99 

0 8 

0 6 

200 

201 

100 


0 2 

0 2 

0 4 

0 4 

1 0 

1 0 

0 2 

0 6 

0 6 

0 2 

0 8 

0 6 


Cells grown on galactose 


100 

99 

200 

198 

500 

508 

200 

196 

200 

196 

350 

358 


total cno 

laiacio c 

99 

104 

99 

96 

101 

103 

98 

93 

98 

96 

102 

105 


cose or about 8 mg of galactose Analysis for less than 200 micrograms of sugar 
can be used to detect the presence of galactose, m identification e\-penments, lor 
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example, but the recoveries are not especiallj’’ accurate since less than 50 /zl of 
CO" arc measured ' 

The determination of pure galactose is accurate to within 3 per cent when 
known amounts arc fermented by galactose-growm cells (see figure 1) The same 
accuracy can be obtained with dried cell preparations, although in this case a 
small endogenous fermentation occurs wdiich must be subtracted 
The recoveries of galactose and glucose when mixtures are fermented b}’’ glu- 
cose-grow'n and galactose-growm cells are showm in table 2 Sugar fermented by 


TABLE 3 

Fermentahon of galactose xn the presence of glucose, mannose, fructose, and lactose 

(Manometne method) 


UC SUGAR ADDED 





CIuco«c rc) 

1 


/»1 COj inEOEy 

COj rODKD 

RECOVERY 

% 

Fructo c (F) 

Galactose 

Lactose 




Mannose (M) 







Cells grown on glueosc 







glucose 

0 2 G 



60 

49 

98 

0 2 F 



50 

49 

98 

0 2 M 



50 

49 

98 

0 2 G, F 



100 

100 

100 

0 4 G, F 



200 

192 

96 

0 6 G, F 

0 2 


300 

302 

101 

0 2 G, F, M 

0 2 


150 

149 

96 

0 2 G, F, 
and 0 6 M 

0 2 

0 6 

250 

249 

100 


Cells grown on galaetose 


0 2 G, F 

0 2 


150 

155 

ioial CUO 1 

103 

galactose 

110 

0 4 G, F 

0 4 


300 

298 

100 

106 

0 6 G, F 

0 2 


350 

348 

99 

92 

0 2 G, F, M 

0 2 

0 2 

200 

190 

96 

95 

0 2 G, F, 

0 2 

0 6 

300 

300 

100 

100 

and 0 6 M 


0 6 

0 

6 

tr 

0 


galactose-grown cells represents the sum of glucose plus galactose, as mentioned 
previously, smee these cells ferment both sugars Glucose-grown cells, of 
course, ferment only glucose, and the amount of galactose is obtamed by the 
difference between the two values 

The effect of mixtures of glucose, mannose, fructose, and lactose on the fer- 
mentation of galactose is shown m table 3 Although this method is specific for 
galactose, the other hexoses cannot be identified for certam because glucose, fruc- 
tose, and mannose are all fermented at an approximately equal rate by glucose- 
or galactose-grown cells Fructose can be determmed quantitatively in mix- 
tures of these sugars by the Roe colorimetric method (1934), but mannose is not 
readily distmguished from glucose Lactose may be determmed quantitatively 
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by this method, either m the presence of glucose and galactose or separately by 
employing hy<toly8iB followed by fermentation with the glucose- and galactose- 
grown cells It 15 also possible to analyze for lactose by using a strain of lactic 
orgamsm adapted to lactose fermentation Several strains of enterococci pos 
se^ this abihty and have been used for this purpose The cells from such strains, 
when adapted to lactose, also ferment the monosacchandes of which lactose is 
composed, namely, galactose and glucose 
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smniART 

A method is described for the rapid, accurate microdetermination of galactose 
in the presence of glucose, fructose, mannose, or lactose 
The method is based on the presence of an adaptive enzyme for the fermenta- 
tion of galactose m a stram of Streptococcus maslilidts As little as 200 micro- 
grams of galactose can be determined accurately 
The method can be extended to the quantitative determmation of mixtures of 
glucose, galactose, fructose, and lactose 
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ESTIMATION OF PENICILLIN ENTITIES 
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Rcccn cd for publication October 10, 1948 

In research and in commercial penicillin production, there has been an ever- 
mcreasing demand for a rapid and accurate method for estimating penicillin 
entities in broth, m processing streams, and m final products Several methods 
have been proposed The differential microbiological assay procedures reported 
by Schmidt, Ward, and Coghill (1944) and by Higuchi and Peterson (1947) are 
susceptible to possible additive enors of the multiple microbiological assays em- 
ployed and are applicable, respectively, only to muxtures of two or three peni- 
cillm entities The Craig (1944) countercurrent distribution method, although 
suitable for a detailed examination of a limited number of selected samples, is 
time-consuming and is not practicable for the routme analysis of a large number 
of samples The Goodall and Levi (1946, 1947) paper chromatograph method, 
based on the difference in distribution of the various penicillms between ether 
and phosphate buffer, provides a direct, analytical method for both qualitative 
and quantitative evaluation of the composition of penicillm mixtures However, 
it too IS time-consuming (72 hours) and involves cumbersome apparatus and 
technique Wmsten and Spark (1947) use amyl acetate mstead of ether as the 
developmg agent m a modification of the Goodall and Levi method, their results 
demonstrate only partial separation of the penicillm entities, and do not afford a 
means for their quantitative estimation 
The method herewith presented is a simplified modification of the Goodall 
and Levi procedure, yieldmg quantitative results withm 24 hours and requiring 
simpler apparatus, technique, and calculations than previous methods The 
method is applicable to broth, buffer, or organic solvent solutions of penicillm 
and 75 to 80 samples per day can be analyzed conveniently by two competent 
laboratory assistants 


MATERIALS AND METHODS 

Equipment (a) The development or percolation chamber consists of a glass 
battery jar 12 inches in diameter and 18 mches high Centrally located within 
the battery jar is a rmg stand with a ring clamp supportmg a 7-mch evaporatmg 
dish, the rim of which is about 15 mches above the base of the stand Both the 
rmg stand and ring clamp are wrapped with a layer of absorbent cotton and a 
layer of gauze The hd of the chamber consists of a piece of plywood, 18 mches 
by 18 inches by i inch, held m position by lead weights 

(b) Whatman no U filter paper strips, 17 mches long and i mch wide, are 
marked 3 mches from the top and 2 mches from the bottom The strips are 
soaked for one-half hour m a concentrated phosphate buffer solution prepared by 
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^ 27 per cent dihydrogen potassium 
phosphate solution until the reading on a Beckman pH meter is 6 0 They arc 

^en placed on a smooth towel and dried for 5 minutes in a 160 P hot air oven 
Care must be taken to keep the strips straight during the drying period The 
top 3 inches are then folded under and the strips are stored at a temperature of 
22 to 25 C and relative humidity of 45 to 60 per cent until ready to be used 
Irregular strips or strips with rough edges are discarded 

(c) Analytical reagent grade anhydrous ether is used as the developing agent 
It has been found that anhydrous ether will effect a more distinct separation of 
the penicillins than either wet ether or amyl acetate This is particularly true 
with respect to the separation of penicillins F, dihydro-F, and If 

(d) A 1 per cent potassium phosphate buffer is used to dilute the samples for 
chromatographic analysis 


(e) The microbiological assay trays designed by Schmidt (1945-1946) are 12} 
mches long, 4 mches wide, and } inch deep and consist of a }-inch bar aluminum 
frame with a transparent glass bottom The glass bottom is installed by slotting 
the bar aluminum, inserting the glass, and sealing with putty The trays are 
provided with lids constructed of f-inch sheet aluminum and contain holes, J 
mch in diameter at 1-mch mtervals, to maintain proper humidity conditions 
within 

(f) The nutrient agar consists of 10 g of “N-Z case,” 3 g of yeast extract, 1 5 g 
beef extract, 1 g of glucose, and 15 g of agar per liter of distilled water The pH 
is adjusted to 6 5 to 6 6 before sterilization of the medium for 20 minutes at 120 C 
Fifty-nine ml of molten agar (55 C) is placed in the tray to form the “base” 
layer and 22 ml are added later to form the “secondary” layer 

(g) A 1-ml hypodermic syringe with a 25-gauge needle is used to place the 
sample on the strip It has been found that when the syringe is held in a vertical 
position and the plunger is not pushed, a volume of 0 01 ml per drop will be 


consistently delivered 

Procedure The nng stand and rmg clamp wrapped with cotton and gauze are 
soaked with water and allowed to stand m an atmosphere of 45 to 60 per cent 
’humidity for approximately 2 hours All samples are diluted to approximately 
50 u per ml One drop (0 01 ml) is placed on the paper strip, I inch below the 
fold The rmg stand, clamp, and evaporatmg dish are then centrally located in 
the batteiy jar Six hundred ml of anhydrous ether are placed m the base of the 
chamber and 400 ml m the evaporatmg dish The strips are then hung from the 
evaporatmg dish, the 3-mch fold bemg unmersed m the ether, the hd is fixed m 
position, and the paper chromatograms are developed for 4 5 to 5 hours, during 
which tune the ether will advance to withm an mch of the bottom of the strip 

The strips are removed, cut at the 3-mch fold and at the mark 2 inches from 
the bottom, and the remammg 12 mches are placed on the assay trays containing 
nutnent agar seeded with Staphylococcus aureus 209P After incu a ion o 
16 hours at 37 C, the positions of the respective zones of inhibition mdica c 


penicillms present m the sample analyzed 

The mmor axis (i e , maxunum width) of each zone 


of inh ibition is then meas- 
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urcd and the equivalent penicillin unitage is read from a standard curve By 
dividing the number of units of each pemcilhn by the total penicillin activity, the 
actnitj' percentage composition is determmed A sample calculation is as 
follov s 


TYrnorrrmamN 

MINOR AXIS 

UNITS FOUND 

ACTIVITY PER CENT 

X 

mm 

21 G 

0 280 

34 4 

G 

21 9 

0 1G4 

20 1 

r 

21 S 

0 1C2 

19 9 

K 

23 1 

0 20S 

25 6 


The various zones of activity were identified by the addition of known peni- 
cillins The rate of movement down the strip was found to be K > dihydro-F > 
P > G > X, V Inch IS in agreement vnth the findmgs of Wmsten and Spark (1947) 
and of Goodall and Levi (1947) 

Conslruclton of the standard curve Standard solutions of crystallme potassium 
penicillin G in 1 per cent, pH G 0 potassium phosphate buffer were prepared 
containing 5, 10, 20, 25, and 50 u per ml Each concentration was chromato- 
graphed in duplicate and the minor a\is of the zone of activity was determined 
This procedure was repeated for 7 consecutive days, yieldmg a total of 14 deter- 
minations for each point The standard curve was a straight line on semiloga- 
nthmic paper 0 1 unit corresponded to a 19 4-mm zone, and the zone diameter 
mcreased 11 34 mm for each tenfold increase m pemcilhn concentration The 
slopes (defined for convenience by the author as the mcrease m mm for a twofold 
mcrease m concentration) of the daily standard cun’^es used to construct the 
master standard curve varied from 3 1 to 3 4 mm 

RESULTS 

Quanhlahve chromatographic analysts of known pemcilhn mixtures Stock 
solutions of penicillms X, G, F, and K at a concentration of 100 u per ml m 1 per 
cent, pH 6 0 potassium phosphate buffer and m inactivated broth were prepared 
The broth was mactivated by an acid inactivation (pH 2 0 for 24 hours followed 
by neutralization with sodium hydroxide) From the stock solutions, synthetic 
samples of known composition were made up m buffer or m mactivated broth 
and were analyzed according to the described chromatographic method The 
stock solutions were held m dry ice and were assayed daily The composition of 
the knovn samples was based on the daily assay values for the stock solutions 

In table 1 the results of the chromatographic analysis of several of these sam- 
ples are presented Each value represents the average of two smgle-strip deter- 
minations In analyzing 35 know penicillm mixtures m buffer and 24 known 
pemcillm mixtures m broth, the difference between the percentage of the various 
penicillms added and the percentage found did not exceed 13 per cent, and the 
average difference did not exceed ±5 per cent Ovung to the maccuracy of the 
standard curve m the lower ranges (below 0 02 u), there may be an absolute error 
of ±50 per cent m the analysis of that peniciUm which is a mmor constituent of 
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TAllLTl 1 — Conltnncd 


svMrtr NO 

MrmuM 

X 

G 

r 

K 



/O 

% 

% 

% 

10§ 

„ f Added 
\l ound 

32 5 

10 3 

30 3 

26 9 

30 5 

12 0 

30 5 

27 0 

17 

„ f Added 
(round 


52 0 

25 5 

22 5 


47 3 

26 1 

26 6 

IS 

„ f Added 
(Pound 

5 2 

04 S 



C S 

93 2 



10 

„ ( \dded 
(Pound 

51 8 



45 2 

G3 2 



36 8 

20 

„ (Added 
(Pound 

j 

27 5 

25 8 

46 7 


31 3 

28 6 

40 2 


* Cf figure 2, simple A 
t Cf figure 2, sample D 
t Cf figure 2, sample C 
§ Cf figure 2, sample D 

the mixture The actual dilTerence, however, between the percentage of that 
penicillin piesent in the mixtuie and the percentage found by analysis may only 
be ±2 to 3 pel cent The method w as equally reliable in the anal}’^sis of buffered 
samples and broth samples There w as no indication that the penicillms com- 
monlj' considered to be least stable, i e , penicillins F and K, w ere noticeably 
mactn ated during the course of the development w ith ether No attempt w as 
made to coirect foi the small amounts of foreign penicillins which were present 
in the relatn ely pure salts used in making the stock solutions In figure 1 the 
shadowgraphs of seveial of the known penicillin mixtures (mdicated m table 1) 
aie presented 

The results presented in table 1 also seive to clarify another pomt, i e , the 
lack of necessity of a daily standaid curve Although these samples were ana- 
lyzed during the couise of 14 daj’'s, the same master standard curve was used to 
calculate the results The precision of the results indicates that a daily standard 
curve IS not necessarj^ Interesting results have been obtained from the chroma- 
tographic analysis of standard reference samples 

(a) A sample of ciystalline penicillin F received m our laboratories from the 
United States Public Health Service was chiomatogiaphically analyzed at con- 
centiations of 20, 25, 50, and 100 u per ml and found to contam approximately 
5 per cent penicillin G The liteiature accompan 3 ang the sample stated that the 
Craig distribution cuive had demonstrated the material to be free of penicillins 
X and K and to contain a, few per cent pemalhn G 

(b) A sample of penicilhn dihydro-F, also received from the United States 
Public Health Service, had been shown bj’’ acid hydrolysis and also Craig (1944) 
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Sample Nos 

A B CD 


Figure 1 Chromatographic anaJ 3 sis of pcniciJhn entities in broth 


inhibition may be attributed to penicillin dihydro-F, thereby accounting for the 
5 per cent difference between the chromatographic analysis and the CVtiig (191*1) 
distiibution anabasis of this material By the use of a higher developing tliam- 
her, longer strips, and a longer developing period, these two penicillins could 
undoubtedly be separated satisfactorib'- 

(d) Chromatographic anabasis in oui laboratoo has shoun tint Iwth llx 
International Standaid and the Food and Drug Vdministi ition Si mil ird i ont iin 
a small percentage of penicillin F At a joint meeting of a section of (he Socie(\ 
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of Public Aniilysts ind OUici An.iljlicil Chemists held in London m Januaiy, 
1048, it MSS lepoited that by using papei stiip chiomatogiaphy, the Interna- 
lioinl Slindaid was found to contain a small peiccntage of penicillins othei 
than penicillin G (inonymoiis, 1948) Only one non-G penicillin appealed on 
the wiitei’s chiom itogi iph 

Rcproducibihly of (hci csiiUs To test the lepiodiicibihtyof the lesults obtained 
with the method, thiee bioths w ei e mitiall 3 ’’ an ilyzed, then stoied m dry ice, and 
24 hoiiis latei analj’'zed again The lesiiltspiesented in table 2 show' good lepro- 



1 1 2 2 3 3 

24 hours 24 hours 24 hours 

later later later 

Figure 2 Reproducibility of the chromatographic method (see text, table 2) 

ducibihty and indicate good stability of penicillins F and K in stored broth 
Shadow'graphs of these chromatograms aie show'n in figure 2 

DISCUSSION 

Even though the method heiew'ith piesented can be set up and operated very 
simply, there aie seveial factors which must be rigidly controlled in order that 
precise determmations may be obtained 

The task of maintaining pioper humidity contiol we hax'e found to be most 
difficult The lelative humidity m our laboratoij' is conti oiled by two humidi- 
stats which, depending upon the humidity piesent, open or close a solenoid valve 
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on a steam outlet located m the ducts of the air-conditionmg umt used to control 
the temperature m the laboratoo^ In our investigation n e have obsen ed tint 
by mitially “soaking” the ivrappings on the stand and allon mg a 2-hour drainage 
period m an atmosphere of 45 to 60 per cent lelative humidit}’-, very satisfacton 
separation can be obtained Unless adequate moistuie is present in the cliam- 
ber, no separation of the penicillins mil be accomplished Expeiienco has 
demonstrated that if, instead of employmg onlj’' vet ether, anhydrous ether is 
used and the moisture is supplied onlj’' from the moist vrappings, greater spe 
cificity and much more uniform zones of inhibition can be obtained The pre 
cision of the method depends greatly upon the clarity of the zones of inhibition 
For the analj'^sis of most samples, a concentration of approximate!}' 50 u pci mi 
vill be satisfactory Hovever, if it is desired to analyze for very small per- 
centages of any one penicillin, i e , 2 to 3 per cent, it is advisable to increase the 
concentration to approximately 100 u per ml, at which point 1 per cent of ani 
one penicillin v ill render a visible zone of inhibition 


TABLE 2 

Rcproducihdily of the paper chromatographic method 


(Values expressed on the activity percentage basis) 


SAMPLE NO 

ANALYSIS 

G 

1 ^ i 

Pi I- 

1 X 

1 

Initial 

1 90 G ! 

' 5 2 i 


' 1 2 

1 

24 hours later 

89 8 ! 

1 1 

65 1 


‘ 4 7 

2 

Initial 

81 6 1 

6 7 i 

Trace 

11 7 

2 1 

1 

24 hours later 

1 86 1 1 
1 

5 9 1 

1 

Trace 

1 

8 0 

3 i 

1 

Initial j 

1 

83 6 

84 I 

Trace 

8 0 

3 1 

24 hours later | 

84 0 1 

7 9 

Trace 

8 1 


In the cyhndei plate assay for penicillin, the size of the zone of inhibition pro- 
duced by a fixed quantity of penicillm can be increased or deci eased b} \ar}ing 
of the amount of inoculum The effect of the inoculum on cliiomatogiaphit 
analysis is such that, if too much inoculum is used, as much as 5 per tent of in} 
one penicillin mil not rendei a i isible zone of inhibition Insufficient inotiiliim 
produces mdistinct, “fuzzy-edged” zones of inhibition It has been found that 
the amount of moculum can be standardized b} adding that amount which will 
}aeld a 20-mm, ±0 5 mm, zone of inhibition foi a standard 1 u pei ml tr} stallinc 
nemcillm G solution in the c} Imder-plate assa} for penicillin . , , „ 

For analyzmg penicillin mnxtures in organic soh ents it has been found suit ibl 
to make a triple exdiaction with 1 per cent, pH 6 0 potassium phosphate buffer 
and to analyze the extract chromatographically 
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for the crystalline potassium penicillin standards, and also to the Chas Pfizer 
Company for the crystalline sodium penicillin dihydro-F 

SUAaiARl 

A sunple, direct method for the quantitative estimation of penicillm entities 
in broth is presented The method, requiring 24 hours for a complete analysis, 
IS based on the fact that the various penicillins possess different distribution 
coefficients betv cen ether and phosphate buffer at a given pH and therefore can 
be separated by paper strip partition chromatography A direct, visible result 
IS obtained by incubatmg the ether-developed strips on agar seeded with Staphy- 
lococcus aureus 209P for 16 hours at 37 C No prior assay of the sample is neces- 
sarj’ A quantitative estimation of activity percentage is obtained by measunng 
the minor axis of the mdividual zones, readmg the equivalent peniciIIm unitage 
from a standard curve, and dividing the units of each penicillm by the total 
units found Data and shadowgraphs are presented mdicatmg the precision of 
the method m the anab-’sis of known penicillm mixtures m phosphate buffer and 
m inactivated broth 
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In previous publications (194G, 1947a, 6, 1948a,6) the theory was proposed 
that many, if not all, motile Eubaclenalcs move by means of spiral contortions of 
their bodies, and that their “flagella” are not motor organs but twirls of mucus, 
which, through the very movement of the bodies, peel off from the thin mucous 
capsule Photomicrographs and a cmemicrographic film (1947c) all made by 
sunlight dark-ground microscopy were produced at the time to substantiate these 
views Most of the w'ork w'as done on Salmonella typhosa as a suitable repre- 
sentative of the motile bacteria concerned 
Acceptance of this new theory would affect bacterial nomenclature and classi- 
fication It was therefore suggested from several sides that further light might 
suitably be thrown on the question by studying the larger spirilla wuth the same 
technique that had been emplo}’’ed with Salmonella typhosa Such cultures 
proved very hard to get Eventually Professor Pnngsheun of Cambridge Uni- 
versity kmdly supplied a culture of Spirillum volutans It was not a pure cul- 
ture, but the contammatmg smaller microbes did not hmder the investigations 
The fiagella of Spirillum volutans are much more easily visible than those of 
Salmonella typhosa and similar bactena It has even been claimed that they are 
visible m a wet preparation in bnght-field microscopy This I cannot confirm, 
at least not for actively movmg spmlla In bnght-field microscopy I have occa- 
sionally seen fiagella attached to a spmllum when it was quite motionless With 
simple dark-ground methods, however, they became readily visible, no particu- 
larly bright source of light such as sunlight bemg needed as is the case with 
Salmonella typhosa This ready visibility is commonly asenbed to their large 
size It will be shown here that this is not the correct explanation 
The stram of Spirillum volutans received from Professor Prmgsheim conformed 
to the usual descnptions as given by Giesberger (1936) and m Sergey's Manual 
(1948) It was about 20 microns long and about 1 5 microns wide It grew very 

well and remamed very actively motile m the medium presenbed by Professor 
Prmgsheim This is made by puttmg a wheat gram at the bottom of a test tube, 
covermg it with soil to a depth of 4 to 5 cm, and with water 8 to 10 cm high, and 
heatmg m a steam chamber on 2 consecutive days for an hour 

SUNLIGHT nARK-GROUND OBSERTVATTONS 

Sunlight was used throughout as the source of light, with the equipment de- 
scribed previously (1938, 1940) Although some of the phenomena to be de- 
tailed here could be seen with ordinary dark-ground methods, sunhght proved 
more effective because it is more brilliant, and it was mdispensable for photo- 
micrography and cmemicrography of the rapidly movmg spirilla Spirillum 
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volutans remained alive under the microscope m sunlight dark-ground conditions 
for several hours After this its movements got slower, and then it started d^ong 
This was an advantage because it then produced artifacts vhose development 
could be followed in the wet preparation under the microscope Such artifacts 
prov^ed helpful m understandmg appearances m dried and stamed preparations 

Figure 1 IS a tjincal fast-swunmmg spirillum It has the usual spiral shape, 
and at each end there is a revmh mg flagellum Both flagella whirl around in a 
plane at right angles to the long axis of the body, vnth the pomt of attachment as 
pivot This whirlmg movement is so fast that the shape of the flagellum is not 
evudent 

Occasionally a spirillum has a flageUum at one end only It must be empha- 
sized that these terminal flageUa during actmtj' never split mto the large number 
of constituent thinner flagella described b}’’ previous authors To and fro mov e- 
ments often occur, but the speed attamed and the rapicht}’’ of reversal are the 
same m mono- and amphitnehate giecrmens There is no question of polaritj 

Bestmg penods occur, and are followed by sudden rapid mov ement, both m 
mono- and amphitnehate mdividuals During slovvmg down and restmg periods 
and toward the end of life, details about the flagellum can be made out (figures 
2, 3) All these observations are from wet preparations The point of attach- 
ment is always at the end of the bacterial body, but not necessanly evactlj at the 
pole (figures 3 to 5) In figure 6 its proximal end has slipped underneath the 
body, giving a false impression as to the pomt of attachment The flagellum has 
a defimte shape It is attached by means of a thm stem (figures 2 to 5), then 
follows a thicker portion, and this wuth a graceful curve tapers mto a fine pomt 
(figures 2 to 5) Its length varies somewhat, m different mdivuduals, but its 
shape is always the same 

With sunhght dark-ground microscopj the flagellum is never seen to penetrate 
mto the cell, and there never is anything like a blepharoblast visible m the cell 
This was confirmed b3' artifacts arising durmg observation In some specimens 
the cytoplasm dissolved away, leavmg an empty shell, obviously the cell wall 
(figures 7 to 9) Here the flagellum is seen to be attached to the cell wall, but 
does not pierce it It appears as a contmuation of the cell wall , it looks as if the 
material of the cell wall had been drawn out mto a fine pomt Occasionally a 
flagellum breaks off, and the break is always at the thm stem The broken-off 
flagellum may float awa3 , or, as m figure 10, come to rest on the body of the 


microbe i r i i r 

A curious phenomenon is that when a cell, havmg reached the end of its lilc, 

stops its locomotion for good, the flageUum does not always become quiet It 
may go on perfonmng a whirlmg or more often a lashmg movement for a time, 
sometimes sev eral mmutes There may bo se > eral causes for this, chief among 
which I would place tensions m the matenal of the flagellum or of cell v a , 
but heat, currents, brownian movement, and clectncal 
nlav a part This phenomenon was also desenbed by J ohnson and Baker (1 91 ) 
At this^sta-^e the flagellum often splits mto a number of thmnersubflagclla, s mp r 
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c\nct.h like the onginil one Figiiies 11, 12, and 13 show how this liappens, 
figiiic 14 bhowb the fill d phase I ii ivc nevei counted moie than G subflagella 



Figure 1 S voluians, swimming fist Note two polai fligolla X 1,200 

Ftgujc 2 S lolulans, lying still, has one flagellum only Note shape of flagellum 
X 3,000 

Figure 3 S loluians, lying still Note shape and attachment of flagella X 2,000 

Figures 5 S voluians, dying Note shape of flagella and that attachment is not 
alw ay s at e\treme polar end X 1 ,700 

Figure 6 S voluians, ly ing still Flagellum has slipped underneath body X 2,000 

Figures 7-9 S robdans, ly ing still Cell contents have dissoh ed aw ay , leaving empty 
shell of cell wall, with yihich flagellum is continuous, but it does not pierce the cell yvall 
X 2,000 

Figure 10 S roZi/tans, ly mg still Flagellum has broken off and has come to rest on top 
of body Note its shape X 2,000 

Figuie 11 S voluians, lying still and giadually^ splitting its flagellum X 1,500 


in this stiain of Spirillum voluians These subflagella may exhibit movements 
similai to those of the yy'hole flagellum, but they'’ do not move m unison, and it 



Figures 12-13 .S' rolutans hnng still and gra(lua!l% splitting its Hum y 1 VX) 
Figure 14 S rolutan’’, flagellum has split X 1 500 

Figures 15, 16 .S lolulans, fi'ed preparation, stained iwth Knnsi’s cdl « til =tJin 
Note that this bnngs out cell in all and flagellum, which is continuous with crll wall ami does 
not pierce it X 2 000 

Figure 17 .S lolulans, fiNed preparation, stained with Gutstein's cell wall stain I It 
gelium and cell wall are continuous, flagellum does not pierce cell wall X 2 <1)0 

Figure 18 Salmonella lypho^a, one swimming fast with straight t id and on< re sting with 
spiral tail X 1,000 

Figure 19 S rohdans, with cell irall blown out along side X 2 000 _ 

Figure 20 S volulans with cell wall beginning to be blown out X 700 
Figures 21-24 S rolutans with cell wall blown out at polar end, displacing pi ic< of 
attachment of flagella X 2,000 


to a number of subfiagella The mam conclusion from these dark -ground f>h-< r 
tations IS that the flagellum m Spirillum lohdans i- a direct contimi itiun of tli' 
cell ttall 







1949] 


PLAGbLLA. OF SPIRILLITM VOLUTANS 


115 


STAINED PREPARATIONS 

Ordmarj'' staining methods (methylene blue, carbol fuchsm, and Giemsa) do 
not stain flagella in dried and fixed preparations of Spirillum volutans It is 
usualb’- assumed that so-called flagellar staining methods have to be applied for 
this purpose It occurred to me that, if the flagella of Spirillum volutans are a 
continuation of the cell wall, then any method capable of stammg the cell wall 
should make the flagella visible 

Knaysi (1941) demonstrated that when a drop of bacterial culture is dried on a 
slide, fixed by heat, and mordanted for 10 minutes with a mix-ture of tannic acid 
and potassium alum, the addition of a drop of Ziehl-Neelsen solution under a 
cover slip ivill stain the cell wall a different color from the cell contents Appli- 
cation of this technique to Spirillum volutans gave pictures like figures 15 and 16 
Figure 15 has been overprmted, and the difference between cell wall and contents 
has disappeared, but the flagellum has become stamed the same color as the cell 
wall In figure 16 the cell contents have become separated from the cell wall, 
and the continuity of cell wall and flagellum is obvious Another method was 
suggested by Gutstein (1924) and recommended by Robmow (1945) and Bisset 
(194S) I^Iordantmg a dried and fixed drop of culture with 10 per cent tannic 
acid changes the contents of the cell in such a way that they become unstainable 
with 0 02 per cent crj^stal violet, while the cell wall takes the stain Application 
of this method gave pictures like figure 17, showmg an empty shell of cell wall and 
a flagellum continuous with it 

The results vith both methods show that the flagellum, m this case, is continu- 
ous with the cell wall, and that it does not pierce the cell wall 

COMPARISON OF “fLAGELLa” OF SALMONELLA TYPHOSA AND 
SPIRILLUM VOLUTANS 

From the observations above and those made previously on Salmonella typhosa 
(1946, 1947a, 5, 1948a, 6) it is evident that there is a fundamental difference be- 
tween the “flagella” of Salmonella typhosa and those of Spirillum volutans 

The “flagella” of Salmonella typhosa can be made visible m activity by means 
of sunlight dark-groimd microscopy only, and they need a suitable medium, of 
which the pH is all-important They appear durmg periods of fast swimming as 
a not very clearly outlmed straight tail (figure 18) of varymg length, and this tail 
during periods of slower speed becomes a definite spiral (figure 18) When the 
bacterial bodj’’ wriggles forward it looks as if there were a thm coat of mucus 
around the bacterial body that through the forward movement of the body is 
drawn out into a tail, and there is np question of a definite point of attachment 
In keepmg with this is the frequent obsen’-ation that the bacterial body can turn 
half a somersault m its coat of mucus while it swims on m the same direction as 
before, and the tail remains where it was The tail can untwist mto a large 
number of thm wavy threads, which place themselves m irregular fashion all 
around the body and then float away These structures can only be stamed by 
a complicated process of so-called flagellar stammg, which, however, often is a 
failure On account of these and other obsen^ations, the theory was put for- 
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StenafbodT produced by the spiral motion of the 

The supposed flageUa of Spinllum volutans are readily visible, sometimes ei en 
m bright field, and quite easily inth simple dark-ground methods The medium 
plays no part They have a definite shape, a characteristic cunm, and a sharp 
outline Their configuration does not change at lower speeds They alwajs 
appear as sohd permanent preformed structures They have a definite point of 
attachment, always at or near a pole They can split mto a number of sub- 
flagella, but the pomt of attachment remams the same Under suitable dark- 
ground conditions they can be seen to be a continuation of the cell uall In 
accordance ivith this they stam with methods which stam cell walls, there is no 
need for flagellar stammg methods 


Finally , a phase contrast microscope outfit from Cooke, Troughton, and 
Simms, lent for the occasion by the local representative of this firm, readily 
showed the flagella of Spinllum volutans, both m full activity and at rest This 
caimot be done \vith the appendages of Salmonella typhosa 


ELECTRON MICKOGRAPHS OF SPIRILLA 


Conn and Elrod (1947) have objected to the general applicability of my news 
on bactenal motility and flagella on vanous grounds I mtend countering these 
objections more fully on a later occasion, but some of their objections can be met 
here They have seen an electron micrograph of Vibno metschmlom, taken by 
Miss van Iterson m Dr Kluyver’s laboratoiy m Delft, that appeared to show the 
flagellum ansmg from the body of the cell I have not seen this particular micro- 

graph, but through the courtesy of Dr IQuyver I have seen similar ones from the 
same source So far I have not had an opportunity of studymg vibrios with 
my sunlight dark-ground techmque In the meantime Miss van Iterson haspub- 

lisb pd her observations (1947) accompanied by numerous electron micrographs 
It appears from her work that there is similanty between vibnos and the larger 
spinlla under discussion here This would mean that in vibrios the supposed 
flagellum is, as m the large spinlla, a contmuation of the cell w all, and not, as m 
most motile bactena, mucous twirls derived from the capsule And so my i. lew s 
on the nature and attachment of these structures m motile bactena cannot be 
affected by observations on the nature or attachment of flagella m either \ ibnos 
or large spinlla The so-called flagella m most motile bactena and the so-called 
flagella m the large spinlla have now been shoivn by me to be quite different 
thmgs A special mvestigation of vibnos by means of the sunlight dark-ground 
technique is indicated The observations made m this way on lue specimens 
could then serve as a basis for the interpretation of their electron micrographs 
At the moment such an interpretation is possible for the large spinlla I w isn 
to exclude the smaller spinlla, such as Rkodospinllum rubmm, because I have 
evidence that m these also the so-called flagella are denved from the mucous coat 


Iterson has taken an electron micrograph of Spirillum 
rtTcaTthe flagella .eem to perce the cell call aad to be coaaeetcd ,uth Ibe 
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protoplasm of the cell (1947) One is reminded of the observations of Fuhrmann 
(1910), who claimed to have seen such penetration in Spirillum volulans and 
produced drawings to support this, but his photomicrographs showed nothing of 
the kind and his claims w'ere completely refuted by Meyer (1912) In Miss van 
Iterson’s micrograph there is an open space betw'een cell wall and protoplasm, 
and the flagella seem to go through this space For an explanation of this open 
space she falls back on the usual assumption that the protoplasm has receded 
from the wall This would imply that the protoplasm has pulled the flagella in, 
through a number of preformed holes m the cell wall, w'hich seems scarcely feas- 
ible There is another explanation, more in keeping with my observations on the 
development of artifacts through dying Spirillum volulans under such condi- 
tions has a tendency to blow out its cell wall In figures 19 and 20 this has obvi- 
viously taken place, chiefly along the side w^all In figures 21 to 24 this process 
has affected the polar end, and here the elongation of the cell wall has displaced 
the pomt of attacliment of the flagella They no longer appear attached at or 
near the pole, but some distance away from it If such a spirillum were rotated 
around its long axis over an angle of 90 degrees, as might happen during drying, 
the flagella would come to he on top of or under the body of the cell, and give the 
appearance of penetratmg the wall It must be remembered that my observa- 
tions are made on w'et specimens, whereas electron microscope preparations 
are dned 
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SUMMART 

The flagella of Spirillum volulans were studied with the author’s sunlight dark- 
ground techmque, supplemented by staming methods, and some observations 
were made with a phase contrast microscopy outfit 

They were found to be entirely different from the “flageUa” of Salmonella 
typhosa and similar motile bactena 

Objections to the author’s theory on the motility and “flagella” of Salmonella 
typhosa and sunilar motile bacteria, based on observations on spirilla, cannot 
therefore be upheld 
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The serum levels of penicillin G m man after its intramuscular mjection m 
aqueous solution or peanut-oil-beeswax suspension have been described m a pre- 
cedmg paper (Tucker and Eagle, 1948) Sunilar data are here reported mth 
respect to the plasma levels afforded by the intramuscular injection of aqueous 
penicillm G m mice and rabbits 

METHOnS AND MATERIAXS 

The solutions were injected mtramuscularly mto the thigh, m a volume of 1 ml 
per kg in rabbits, and in 0 2-ml volume m mice In the latter species the mjec- 
tion was partially subcutaneous, because of leakage from the muscle mto the sur- 
rounding tissues The courtesy of the manufacturers in supplying the penicillin 
G used m these studies (Squibb lot numbers V-31, CRA214-20, and 17579, and 
Commercial Solvents lot number 46042605) is gratefully acknowledged 
The method of assay was a serial dilution technique m which inhibition of 
hemolysis by the C-203 stram of Streptococcus pyogenes was the end point (Ram- 
melkamp, 1942, Kirby and Rantz, 1944) The details of the method have been 
given elsewhere (Eagle and Newman, 1947) In the assays of human and rabbit 
serum, the data have been corrected for the inhibitory effect of serum m the assay 
(Eagle, 1947a,b, Tompsett, Schultz, and McDermott, 1947a,6), usmg the cor- 
rective factors as experimentally determmed for human serum (Eagle and 
Tucker, 1948) and since found to be valid also for rabbit serum No corrective 
factors have been applied to the mouse data The values m which, because of 
the high concentration of serum m the mdicator tube, that correction would 
probably have been significant are mdicated m the tables 

It IS a pleasure to acknowledge our mdebtedness to Mr Nathan Mantel, of the 
Office of Statistical Coordinator, Division of Public Health Methods, for his 
assistance m the calculation of the probable errors of the median serum levels 


EXPERIMENTAL RESULTS 

Figure 1 and the first section of table 1, showmg the results obtamed m man, 
are here reproduced in modified form* from a previous paper (Tucker and Eagle, 

' In the previous communication (Tucker and Eagle, 1948) the standard deviation given 
in the tables was a measure of the variability of the data about the median, as calculated bj 


the formula 


^<r = lu ^^ standard error given n as calculated by the for- 
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1948) in order to facilitate companson between the results obtained in the 3 
species Figure 2 and the second section of table 1 show the median serum 
levels m rabbits after the mjection of penicillin G at 60, 10, 3, 1, and 0 6 mg per 
kg Figure 3 and the last section of table 1 give the median serum concentra- 
tions obtamed in mice similarly mjected 

In general, the mitial blood levels, 15 or 30 minutes after the injection, \aned 
more or less hnearly with the amount of penicillm mjected In figure 4, the 







The serum conceniraiioTis of pemcilhn G in man, mouse, and rabhtl after its intramuscular injection in agueous solution 
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* No demonstrable pemcilhn by the particular method of assay used, sensitive to a (corrected) concentration of 0 03 micrograms per ml 
t The penicillin levels in nuce have not been corrected for the inhibitory effect of serum in the assay (cf Eagle and Tucker, 1948) 
t The values in which corrections for inhibitory effects of serum would probably have been significant 
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fluid over which the perucillm is luitiallj’- distributed, or in the rate of that dis 
tribution 

After the initial period of rapid absorption, the blood levels fell off rapidlj In 
rabbits this rate of deci ease averaged 65 per cent each hour, so that the residunl 
serum concentration at time t was k X 0 35', m which t is the tunc in hours over 
the penod of experunental observation, and k is a constant determmed bj the 
amount of penicilhn mjected In man, the rate of fall was less consistent, the 
percentage drop per hour over the first 2 hours varymg from 65 at the larger 



Ftoure 2 The serum concentrations of penicillin G in rabbits after its intramuscukr 
injection in aqueous solution at varying dosage The dashed portion of the curie at 3 mg 
per Lg by-p^ses th6 low' value at 2 hours 


doses to approximately 80 per cent at the smaller (figure 1) In mice, however, 
the blood levels durmg the first 2 hours fell off at the extraordinary rate of 91 
to 99 per cent per hour (figure 3) At the largest dosage of 200 mg per kg, a 
slower rate of faU developed after several hours This probably reflects a rc 
versal in the direction of flow of penicillin out of the tissue reservoir established 

bv its mitial distribution and back mto the blood 

The serum concentrations provided by a given dose of pemcilhn ^suallj 
3 to 5 times higher m man than they were m rabbits sunilarly mjeoted 2 
Lugh the concentrations m rabbits and mice began h^ic ei^l, M 

rapidly diverged because of the faster disappearance of penic Jin in mice Th 
species differences are lUustrated for a smgle dosage of pemcillm m figu 
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In the therapeutic use of penicillin, one of the most important smgle factors is 
the length of time for which the tissue levels of penicillin remam at effectively 
bactericidal levels When the three species were compared on this basis (figure 
G), a given serum level was sustained approximately 50 per cent longer in man 
than it was in rabbits similarly mjected In large part this reflects the mitially 
higher concentrations provided in man In turn, the levels were sustamed 



TIME IN HOURS 

Figure 3 The serum concentrations of penicillin G m mice after its intramuscular in 
jection in aqueous solution at varying dosage Unlike the man and rabbit data of figures 
1 and 2, the data in this figure have not been corrected for the inhibitory effect of serum in 
the assay That would probably have been significant only for the two values indicated 
by the symbol ^ in the figure 


approximately 3 tunes longer m rabbits than they were m mice because of the 
faster rate of fall m the latter species Thus, as is mdicated m figure 6, a dose of 
0 6 mg per kg provided serum levels m excess of, e g , 0 1 microgram per ml for 
0 5, 1 4, and 2 3 hours m mice, rabbits, and men, respectively, and after a dose 
of 10 mg per kg the corresponding tune periods were 1 4, 3 9, and 6 6 hours In 
order to prolong by 1 hour the tune for which this level of 0 1 microgram per ml 
would be mamtamed m the serum, the dosage of penicillm would have to be 
approximately doubled m man, and multiphed approximately 3-fold m rabbits, 
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It^range' (fi^e 6^ on (he 

*6 relatively rapid disappearance of penicillm 
om mouse blood are as yet unknown An important consideration may be the 



renal clearance of penicillin, which in this species may be higher relative to body 
weight than it is m either rabbits or man (Eagle and Newman, 1947) 


srar&iABT 

Data are given for the median serum concentrations of penicillm G after its 
mtramuscular injection m aqueous solution m men, rabbits, and mice at doses of 
0 6, 1 (1 5), 3, 10, 60, and 200 mg per kg For equal doses of penicillin the serum 
levels at a given tune were m the order man > rabbit > mouse 
The mitial (15- to 30-mmute) level m man was 3 to 5 times greater than it was 
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TIME IN HOURS 

Figure 5 The contrasting curves of the serum peniciUm concentration m men, rabbits, 
and mice similarly injected with penicilhn G 



DOSAGE OF PENICILLIN G, MILLIGRAMS PER Kg 

Figure 6 The time for which varying dosages of penicillm G provide serum concentra- 
tions in excess of 0 1 microgram per rnl The value for man injected at 3 mg per kg is 
an approximation only, obtamed by extrapolation of the curve m figure 1 
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m mice or rabbits, indicative of a significant species difference in the initial di' 
tnbution of the drug m the body fluids 
Thereafter, penicillin disappeared from the serum of rabbits at the rate of Co 
per cent an hour, and somewhat faster m man In mice, how ev er, it fell oft at a 
much faster initial rate, vaiymg between 91 and 99 per cent an liour 

In consequence of these differences m the mitial distribution of penicillin and 
its subsequent rate of disappearance from the serum, the time for which a gnen 
dosage of penicilhn provided a measurable serum concentration was m the order 
1 3 4i m mouse, rabbit, and man, respectively 
To prolong a given serum level by 1 hour would requue approximately a 2-fold 
mcrease m dosage m man, a 3-fold mcrease m rabbit, but a 5- to 20'fold increase 
mmice 
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A characteristic customanly attendant upon the use of crude bacterial amjdase 
substrates is a strong and frequently objectionable odor This odor appears to 
be associated tvith proteolysis From a theoretical as well as a practical \new- 
pomt it appeared desirable to evaluate proteol3d;ic enzyme production by a 
number of bacterial isolates of proved amylase-pioducmg ability Accordmgly, 
from the group of Bacillus sublihs isolates described by Peltier and Beckord 
(1945) some 63 amylase producers weie selected for further stud5’' 

METHODS 

The methods used for evaluatmg proteol3’tic activity were of the survey type, 
one utilizmg the liquefaction of gelatm b3’' cultuie stabs and the other thiee the 
clearing of protein suspended m agar, by filtrates from isolates cultured on an 
appropriate “complete” medium All isolates were maintamed on wheat bran 
extract agar (Peltier and Beckord, 1945) 

The rate of liquefaction was determined by the moculation of nutnent gelatin 
with deep stabs from a 24-hour-old moculum grown m wheat bran crtract 
Observations of the rate of liquefaction w'ere made after 1, 2, and 3 days of incu- 
bation at 37 C The activity of proteobdiic enzymes on three t3qies of protein 
substrates was measured by a procedure sunilar to that used in testing the anti- 
biotic activity of hquid cultures 

The protem agars were prepared as follow s (1) gluten, 0 01 per cent m NaOH, 
plus nutrient agar (1 5 per cent), buffered wuth 0 1 per cent of KH2PO4, (2) 
sodium casemate agar, 0 8 per cent (Difco), plus 0 8 pei cent of glucose potato 
agar, and (3) wheat bran extract, 3 0 per cent, plus agar (1 5 per cent) 

The protem substrates were dispensed at the rate of 15 ml pei petri dish 
Three “penicylmders” were placed, m the customary manner, on each poured 
plate Fmally 0 02 ml of a 24-hour-old w'heat bran extract hquid culture w ere 
added to each penicylmder The activity of the proteolytic enz3Tnes was mdi- 
cated by the cleared zones m the protem substrates surrounding the pern- 
cylmders, the diameters of the zones weie measured m millimeters 

EESULTS 

A summary of the results is given m table 1 In addition to the 63 amylase- 
produemg isolates of Bacillus subtihs, data for three isolates of Bacilluc macerans 
and 6 of Baallus polymyxa are included for comparison As m the report by 

127 



128 


GEOEQB h PELTIEB AND FLOTD H SCHHOEDER 


(vOL 5” 


Peltier and Beckord (1945), the isolates are divided into groups based on their 
source Average amylase and average proteolytic characteristics are given for 
each group and the groups are listed m the order of decreasing amjdasc activ it} 
(dextrmization time is mversely proportional to amylase activity) 

From a consideration of the data of table 1 it is apparent that all the amj lase- 
producing Bacillus subtihs isolates likewise had considerable proteolytic activ itj 
There appeared to be httle relationship between amylase production and pro- 
teolytic enzyme production except that the “ropy bread isolates” were general!} 
highest m both types of activities The “ropy bread isolates” all developed 


TABLE 1 


Proteolytic acltvtCy of amylase-producing bacteria 


SOURCE or ISOIATIOH 

ho or 

ISO 

lATES 

DEX TIME 

0 WHEAT 
S2AS 
EXTRACT 

rate of CELATm 
ErQcmrAcnov 

Xa-CASE 

INATE 

CLEARED 

rovis 

WHEATERC 

EXTRACT 

cleared 

20VES 

WHEAT DlAX 
EXTRACT ACAl 
cRowm 



mtn (avg) 

37 C, 24 hr 

mm, 4S hr 

mm 4S hr 

lyM 
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Flours 
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3 
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Medium 

31 

21 

Rugose 
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3 
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30 1 

24 

Wnnkled 

Soj bean meal 

2 

10 0 

Medium 

31 

21 

Rugose 

Air (dust) 

16 

12 3 

Complete 

30 

1 23 

Wrinkled 

Peanuts 

2 

14 8 
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' 34 

26 

Wrinkled 

Stillage 

* 9 

22 1 
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; 31 

25 

Wrinkled 

Soj beans 

3 

25 2 

Complete 

28 

25 

Wrinkled 

Soil 

3 

38 0 

Complete 

23 

27 

Wrinkled 

Peanut meal 

3 

41 0 

Complete 


20 

Wrinkled 

B polymyxa 

6 

23 0 

Slight to 

26 

25 

Smooth 

B macerans 

3 

32 0* 

Medium 

30 

24 

Smooth 


*Tjme until colorless reaction mth iodine 


pelhcles and m no instance (unpublished results) have they ever produced amy- 
lase -when grown in submerged culture Their cultures typically have ver}' 
strong odors and are alkalme (final pH values of above 8 0) 

AH the amylolytic isolates listed of the Bacillus sublths type were capable ot 
hquefymg gelatm, for the most part m less than 24 hours and alv ays in tes tb^ 
72 hours They aU produced cleared zones on sodium casemate substrate oi 
close to 30 mm, m 48 hours, and zones of 20 to 30 mm on wheat bran extract agar 
Hovrever, these charaetenstics ate not tailed to the antj 
The same ev aluatmg procedures were used mth a large number of Jo« -am} lol}ti 
S— yW.eSa.es The ptoteolyt.c act.v^y “tf 

their culture hquids, was of the same order as listed for ‘ 

Obviously, then, a general characteristic of members of this Bact 
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group, whether or not they produce amylase in culture, is the ability to produce 
rather ample amounts of proteolytic enzymes Only rarely, if ever, could one 
expect to isolate an amylase producer deficient in proteolytic activity, but it is 
common to find proteolytic cultures essentially devoid of amylase activity 
The results of the tests on the wheat gluten agar are omitted from table 1 
for the reason that this substrate proved extremely resistant to hydrolysis by the 
bacteria Only two isolates of the group produced cleared zones v hen the cul- 
ture solutions were placed in penicyhnders 

The three strains of B maccrans were comparable to the B subiilis isolates m 
proteolytic activity, giving slow but definite gelatin liquefaction and cleared 
zones on the casemate and wheat bran agars of approximately 25 mm The six 
strains of B polymyxa were somewhat deficient in their action on gelatin but did 
give adequate cleared zones on the other substrates 
Apparently all the organisms studied are proteolytic m varying degrees, 
depending somewhat on the type of amylase produced According to the amy- 
lase classification of KAeen and Beckord (1946), their proteolytic activity is as 
follows 

Bacillus sublilis (saccharifying type, inhibited by the specific wheat protein) 
These include all those isolated from plant material They liquefy gelatin com- 
pletely in 24 to 48 hours and produce cleared zones of approximately 30 mm m 
sodium caseinate agar and less than 30 mm on wheat bran extract substrate 
All produce rugose to ivrmkled pellicles in stationary cultures, and on wheat bran 
extract agar a highly ivrmkled growth 

Bacillus subtilis (non-saccharifying or a-amylase type) These were isolates 
from samples of ropy bread, characterized by Kneen and Beckord (1946) as pro- 
ducmg an amylase essentially identical with the typical bacterial amylase of 
commerce They liquefy gelatin completely m 24 hours and produce cleared 
zones in sodium casemate and wheat bran extract substrates of more than 30 mm. 
Typical rugose pellicles are formed on wheat bran extract and a rugose growth 
IS produced on wheat bran extract agar These isolates exhibited the most pro- 
teolytic activity and also the strongest odors 
Bacillus polymyxa The action on protems was less pronounced and slower 
than that of those above, gelatin was liquified in 48 to 72 hours and the cleared 
zones on sodium casemate and wheat bran substrates were smaller They will 
grow submerged m liquid cultures and give a smooth, moist growth on wheat 
bran extract They have little or no amylolytic action on cooked potato plugs 
Bacillus macerans These cultures have slightly more action on gelatin, and 
on sodium casemate and wheat bran substrates, than do B polymyxa strams, 
and will also grow submerged in liquid cultures and produce a smooth, moist 
pellicle on wheat bran extract agar 

Proteolytic activity is not correlated with amylase activity, smce many non- 
amylolyddc isolates are able to break doum the protems employed as readily as, 
or more readily than, the amylolytic ones However, all amylolytic isolates 
produced substantial amounts of proteolytic enzymes 
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SUMMARY 

It would appear that the production of bactenal amylases without proteolj^is 
m the culture medium or without the attendant release of proteolytic enzjmes 
mto the medium cannot be solved with ease by isolate selection The results of 
the present mvestigation mdicate that an amylolytic isolate without proteobdic 
activity would be a very exceptional one 
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Considerable contradictor^' evidence has been presented regarding the length 
of tobacco mosaic virus particles Stanley and Anderson (1941), Rawhns, 
Roberts, and Utech (1946), and numerous other workers have shown that the 
virus obtamed from expressed juice is usually composed of at least two distmct 
groups of particles Roughly 70 per cent of the pai tides are m a group composed 
of particles between 225 and 450 m/i long, this group has its mode somevhere 
around 300 m/i The different values that have been obtamed for this mode 
apparently depend on the methods that have been used m calibratmg th^ micro- 
scopes Most of the remainder of the particles are usually m a group of short 
particles less than 225 mp long In some cases a group of long particles longer 
than 450 m/i may be present Theie is considerable evidence that these long 
particles result from aggregation of shorter particles 

Baivden and Pine (1945) and Crook and SheflBeld (1946) presented evidence 
indicatmg that frozen infected tissues v ashed thoroughly vuth distilled water to 
remove salts yielded shortei particles than did unwashed frozen tissues They 
apparently mterpreted these results as bemg due to the salts m plant sap causmg 
aggregation of virus particles to form particles aiound 300 m/i long when the sap 
IS expressed from unwashed tissues They assume that m w'ashed tissues the 
salt content has been reduced and that aggregation has therefore also been 
reduced 

It appeared to us that the high proportion of shorter particles obtamed from 
the washed tissues might be due to many of the 300 my. particles prevalent m 
expressed jmee bemg removed by the wash w'ater rather than to decreased aggre- 
gation due to removal of salts m the wash water We have accordmgly con- 
ducted experiments designed to provide information on this question 

EXPERIMENTAL METHODS 

Tobacco leaves infected ivith tobacco mosaic virus were used as a source of 
virus The penod between infection and harvest varied m the different ex-pen- 
ments from 19 to 37 days In each experiment the leaves w ere cut longitudi- 
nally mto halves to produce two comparable samples The half leaves were 
frozen at 18 C m a closed contamer and w'ere kept frozen until used 

Juice virus (J lots) Half leaves w ere ground m a meat chopper, and the jmee 
was pressed out through cheesecloth In experiments 44 and 53 a httle water 
was added to the pulp, which was reground and pressed The combmed ex- 
tracted juice was then centrifuged at 3,000 rpm for 1 hour The virus concen- 

* With the technical assistance of Laura M Huggins 
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tration of the supernatant was estimated by diluting 1 ml of the virus vith dis* 
tilled water to a dilution at vhich stream double refraction disappears The 
diluted virus was placed on celloidin membranes, and electron micrographs vere 
made to determine the length of the particles 

Virus from washed leaves {B lots) The frozen half leaves vere v ashed m 
three changes of distilled water, each followed by gentle pressing, as described 
by Bawden and Pine (1945), and the wash water was saved Enough distilled 
water was then added to the leaves to brmg them up to their original v eight 
They were ground m a meat chopper, and the juice was pressed out as described 
by Bawden and Pine (1945) The juice was centrifuged and the virus concen- 
tration was estimated by stream double refraction The diluted virus u as micro- 
graphed with the electron microscope to determine the length of the particles 
Wash water virus (W lots) The wash water was centrifuged at 3,000 rpm for 
1 hour and the supernatant was then lyophilized to concentrate it to a point at 
which stream double refraction could be detected The virus concentration of 
the lyophilized wash water was then estimated by dilutmg it with distilled uatcr 


TABLE 1 


Ftrus content per gram of leaf tissue in B, W, and J lots 


EXPEHniENT NO 

B LOTS 

vr LOTS 

JLOT3 

46 

80 


112 

44 

25 

4 

35 

51 

13 

9 

19 

53 

47 

12 

37 


to a pomt at which the stream double refraction disappeared We have called 
such a dilution the cntical dilution The W lots were also micrographed to de- 
termme the length of the particles 

In experunents 44JP and 44WP, 3 per cent of powdered K 2 HPO 4 was added 
to the virus suspension This was followed by alternate low and high speed 
centrifugation until the virus was pure enough to produce satisfactory micro- 

graphs , 

The virus content (C) per gram of fresh weight m each sample was determined 

rr VX) 

by the use of the followmg equation C = -y- 

V = volume of origmal undiluted vuais suspension obtained from a sample 
D = volume of liquid m ml after 1 ml has been diluted to the cntical dilution 
F = fresh weight of leaf tissue in grams 

The stream double refraction was determined by means of the apparatus e- 
scribed by Takahashi and Bawlms (1933) 

RESULTS 

The virus content m the vanous lots is shown m table 1 
exnenments on virus content were not consistent In ex-penments 44 

oontot of the B lot plus that of the W lot ,s roughly cqo. to 

“raZLut of the coTespondmg J lots On the contrno , m etpemnent o3 
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virus content of the B lot was higher than that of the corresponding J lot The 
most significant conclusion that may be drawn from table 1 is that the wash 
water contams a considerable amount of virus This was confirmed by nitrogen 
determinations and local lesion counts made on purified wash-water virus and 
]uice virus The virus nitrogen m the wash water of evperiment 44WP was 
found to be 19 per cent as great as that for the juice virus from the opposite 
halves of the same leaves A given weight of the purified wash-water virus pro- 
duced 79 per cent as many local lesions on Nicoliana glutinosa as did the same 
weight of purified juice virus 

Table 2 provides more quantitative data than have been previously presented 
regardmg the influence of washmg frozen leaves on the length of virus particles 

TABLE 2 


Analysts of length dtslrihution of virus particles in B, W, and J lots 


1 

SOUfiCE or VZBUS 

EXPERIMENT NO 

NO OF PARTI 
CLES MEASURED 

PER CENT 
UNDER 225 DVl 
LONG 

(short group) 

PER CENT 
BETWEEN 225 
AND 450 03^ 
LONG 

(middle group) 

PER CENT 
LONGER THAN 

450 mp 

(long group) 

Washed leaves 

45B 

512 

56 

36 

8 


44B 

594 

37 

48 

15 


63B 

357 

66 

31 

3 

Juice 

44J 

251 

16 

1 

63 

21 


44JP 

447 

20 

74 

6 

Wash water 

63W 

106 

11 

46 

43 


53W Ly 

214 

43 

47 

10 


44WP 

337 

36 

55 

9 


Several significant conclusions appear to be justified from the results shown 
m this table It is evident that the B lots, m which the frozen leaves were 
washed before the virus was extracted, yield a higher proportion of short particles 
than do the unwashed J lots This is m agreement with the results of Bawden 
and Pme (1945) and Crook and Sheffield (1946) However, these data are the 
first evidence that a distmct middle group of particles havmg lengths around 
300 m /1 remams even after thorough washmg to remove salts 

The length distribution curves m the three wash-water (W) lots were not con- 
sistent In experiment 53W, virus which had only a slow speed centrifugation 
was composed mamly of particles m the middle or long groups On the contrary, 
m experiment 53W Ly when the virus had been concentrated by lyophihzmg 
and m 44 WP m which the virus had been lyophilized and then partially purified, 
the proportion of middle group and long group particles is too small to cause the 
low percentage of middle group particles and the high proportion of short par- 
ticles m the B lots 


niscussiON 

The results have been too variable to explain why washmg frozen leaves 
causes an mcreased proportion of short particles and a decreased proportion of 
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middle group particles Because of the variation m the results, the a\penments 
would have to be repeated a number of times before conclusions would be justified 
as to n hether the virus v ashed out in the wash water is the cause of the change in 
the proportion of particles in the two groups However, the results do indicate 
that there is considerable 'lurus m the w ash v, ater 

The results agree with the ideas of Ban den and Pine (1945) and Crook and 
Sheffield (1946) in that they show an increased proportion of particles in the short 
group and a decreased proportion in the middle group after the leaves hai e been 
washed The results provide the first e\ idence that, even after washing, one 
third to one-half of the particles obtained from the ground leaves are around 
300 m^t long It does not appear to us as probable that such a high proportion 
of particles ivould have a length so near 300 inn if such particles resulted b\ 
end-to-end aggregation of shorter particles, as was suggested by Bawden and 
Pino (1945) It appears more piobable that the particles had a length around 
300 mp wdien in the host cells 

A smgle experiment (53W), conducted ivith virus just after extraction in wash 
W’’ater, indicated that a high proportion of the particles in the wash water arc 
around 300 mp or longer Lyophihzmg the wash w ater or punfication of the 
virus after lyophilizing appealed to cause an increase in the proportion of short 
group particles and a decrease in the proportion of long group particles How- 
evei this experiment would have to be repeated a number of times before an) 
conclusion would be justified In all of the experiments, roughly 50 per cent of 
the particles in the wash water were around 300 mp long 


stniiMAni 


^Vhen frozen leaves infected with tobacco mosaic virus are washed m three 
changes of distilled w'ater according to the method of Baw'den and Pine, consider- 
able virus may be recovered in the wash water A high proportion of the par- 
ticles m the w'ash water are around 300 mp long After being w’asbed, leaies 
yield an increased proportion of short particles and a decreased proportion of 
middle group particles Even after washmg, one-third to one-half of the par- 
ticles, obtamed by grmdmg the leaves, are around 300 mp long The authors 
consider it improbable that the particles in the distinct group around 300 mp 
long are formed by end-to-end aggregation of shorter particles 
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THERMOPHILIC, CELLULOSE-DECOMPOSING BACTERIA FROM 

THE PORCUPINE 

ALBERT BALOWS* and M W JENNISON 
Deparlvicnt of Plant Sciences, Syracuse University, Syracuse, New Yorh 
Received for publication October 15, 1948 

A culture of bacteria wbicb decomposes cellulose rapidly has been isolated from 
the mtestmal contents of a native porcupine The methods used for isolation 
and purification v ere those described by Snieszko, Tetrault, Himgate (J Bact , 
53, 631, 1947), and other mvestigators of the cellulose bacteria Although purity 
of the culture has not been definitely established, further purification has not 
been possible These organisms are very similar to certam thermophihc, cel- 
lulose-decomposmg bacteria previously described by other workers 
The organisms have an optimum temperature of about 56 C and are faculta- 
tive with respect to oxygen Motility has not been demonstrated In a hquid 
medium contammg finely divided cellulose (Snieszko and Kimball Zentr Bakt 
Parasitenk , II, 88, 393, 1933),a dull-red, bnttle pelhcle is formed and a yellowish 
discoloration is produced m the cellulose sediment The surface growth shows 
mostly gram-positive rods of uniform size, occasionally vnth a swollen termmal 
spore The sediment contams mamly gram-negative filaments and rods, the 
latter commonly with a swollen termmal spore Cellulose agar plates (Tetrault 
Zentr Bakt Parasitenk , II, 81, 28, 1930) give large zones of cleanng along 
streaks of transparent growth, preparations from the clear areas contam chiefly 
gram-negative forms — sporogenous rods and vegetative filaments In the hqmd 
medium contammg 1 5 per cent of cellulose, most of the cellulose is destroyed m 
a week 


SALMONELLA CANOGA— A NEW TYPE* 

D W BRUNER and ALICE B MORAN 

Department of Animal Pathology, Kentucky Agricultural Experiment Station, 

Lexington, Kentucky 

Received for publication October 18, 1948 

In July, 1948, a culture was received from the State of Cahfomia, Department 
of Agnculture Dr E E Jones had isolated it from the cecal contents of a 10- 

' Present address Department of Bacteriology, Umversity of Kentucky, Lexington, 
Kentucky 

* The investigation reported in this paper is connected with a project of the Kentucky 
Agricultural Expenment Station and is published by permission of the Director It was 
supported in part by a research grant from the U S Public Health Service 
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day-old poult These poults were located in Canoga Park, California The 
mortality in the group was very low 

Cultural and biochemical characteristics of the microorganism verc tj-pical 
for the SdlmoneUa group Acid and gas n ere produced from arabinose, dulcitol, 
glucose, maltose, mannitol, rhanmose, sorbitol, trehalose, and xylose Inositol, 
lactose, sucrose, and sahcm were not fermented The bacterium formed h) dro 
gen sulfide but did not produce mdole nor liquefy gelatm Citrate and n-tartrato 
were utilized, but meso-tartrate and mucate were not attacked The organism 
was methyl-red-positive and Voges-Proskauer-negative 

On serological exammation the bacterium was agglutmated to the titer of 
Salmonella ilhnois 0 serum, (III), (XV), XXXR'", and m absorption tests re- 
moved all agglutimns from the serum In studymg the 0 antigens of this 
orgamsm it was observed that S camga and S zlhnots both react with Salmonella 
ondersiepoori 0 serum, (I), VI, XTV, XXV In each case agglutination ceased 
when 25 per cent of the S ondersiepoori titer was reached Furthermore, 
S zlhnois 0 serum did not agglutmate S ondersiepoori Unilateral relationships 
are not unknown m the Salmonella group of bacteria, but they cannot be ex- 
pressed m the present diagnostic formulas Accordmgly, S canoga is assigned 
the 0 antigens (III), (XV), XXXFV 

The H antigens of the culture were monophasic and belonged to the g-comple\ 
of the Salmonella group The organism was agglutmated by all the serums 
which contamed agglutmms for antigen g When tested with single factors for 
antigens f, m, p, q, s, t, and u, it was agglutmated by s and t It also agglu- 
tmated to the titer of Salmonella senftenherg H serum (g, s, t) and xxas able to 
remove all H agglutmms from the serum The antigenic formula of S canoga 
16 (III),(XV),XXXIV g,s,t- 


SUMMABT 

Salmonella canoga, (III),(XV),XXXIV g,B,t-, was recovered from the cecal 
contents of a 10-day-oId poult The mortahty m the group was low 



AN APPARATUS FOR THE DESICCATION OF CULTURES 

L A ROGERS 
Washtnglon, D C 

Received for publication October 24, 1948 

In 1914 I described an adaptation to the preservation of bactenal cultures of 
a method first suggested by Shackell (1909), which consisted in exposmg the cul- 
ture to a high vacuum vuth a desiccating agent to absorb the water e\ aporated 
from the culture Flosdorf and IMudd (1935), who descnbed an apparatus for 
this purpose later, apparently vere not familiar with the earlier work on this 
subject 

In the first paper cited (Rogers, 1914) the use of a refngerated surface as a 
dehydrant was suggested, but at that time only mechamcal refngeration or salt 
and ice mixtures were available for this purpose Smce that time dry ice (solid 
carbon dioxide) has become commonly available and may be used to produce a 
temperature so low that a vapor tension much below that of the best chemical 
agent may be obtamed Dissolved m alcohol it is the most convenient and ef- 
fective desiccant available for this purpose 

To ensure rapid and complete desiccation the apparatus must be so constructed 
that a very high vacuum can be mamtamed, and the vapor tension should be so 
low that moisture passes rapidly from the culture to the dehydrant Failure to 
secure the required high vacuum is usually due to defect]\e seals or imperfect 
rubber connections ITie apparatus shown diagrammatically m figure 1 was de- 
signed for the use of dry ice as a dehydratmg agent and to elunmate, so far as 
possible, adjustable seals and rubber connections It may be made of metal 
tubing with all joints welded or soldered to show no air leaks imder at least 15 
pounds pressure 

The essential parts include a manifold (A) with side arms (F) m pairs for the 
attachment of the culture tubes Any number of arms may be used, but 15 to 
20 pairs are probably as many as will be found convement The manifold is 
connected by two tubes with the moisture-absorbmg chamber (R) m which is 
enclosed a reservoir (C) open at the top but sealed m to make an ann ular space 
through which the vapor must pass over the refngerated surface The connec- 
tion to the pump (D) is taken off from the lower part of the desiccatmg chamber 
and should be permanently connected to the pump so that rubber connections 
will be avoided Water condensed m the chamber (5) is drawn off through the 
tube (E), which, with the exception of the culture tubes on the side arms, is the 
only connection on the apparatus that must be opened at any time This is 
closed by a plugged rubber tube and a vacuum-tight seal made by submergmg 
the rubber m a test tube of mercury The apparatus should be securely mounted 
on a wooden frame, preferably on the pump base, with the height adjusted to 
bnng the culture tubes at a convenient workmg level Each of the side arms 
should be firmly attached to the support so that there is no danger of crackmg 
joints in adjusting the culture tubes 
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The weak point in any apparatus of this kind is the rubber connection, which 
must be used to attach the culture tubes to the side arms A good qualitj of 
heavy rubber tubing should be used which may be covered with mercury held 
m rubber cups, but this is troublesome and tune-consummg A device shown m 
figure 2 is designed to compress the rubber tubing about the metal and glass tubes 
and thus mcrease the probability of a vacuum-tight joint It consists of a metal 
tube (A), selected to fit snugly on the rubber connecting tube, ivith one end of a 
shghtly larger diameter than the other and tapered from the larger end to a point 
about the middle of the tube This tapered half is cut into four segments fol 
lowing the pattern of the chuck of a lathe or drill press The smaller half of the 



Figure 1 Longitudinal and cross-sectional view of drying apparatus 


tube IS threaded to take a knurled nut (5) with an attached collar fitting 
ooselv oveTthe threads As this nut is turned on the tube, the collar orccs th 
segments of the tapered tube together compressing the rubber tube tightly agains 

be started until the freezing mixture is m 
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the reservoir, othermse any moisture m the system will be drawn into the pump 
and will tend to reduce its efficiency When the cultures are entirely dry, the 
tubes are sealed off with a portable blast lamp, thus ensurmg a high vacuum with 
a low vapor tension for storage When this tube is broken for reinoculation, the 
culture IS still protected by a cotton plug 



Figure S Device for compressing rubber tubing 


The reservoir is emptied by addmg alcohol imtil the level is above the bend 
of the siphon (G), and the water is drawn from the desiccatmg chamber by re- 
movmg the mercury seal and the rubber tubmg from the tube (E) 

Although a vacuum gauge is not a necessity, it is veiy useful in checkmg the 
efficiency of the pump and the tightness of the system The Plucker tube is 
very satisfactory because it can be cemented mto the manifold at any convement 
place, because it requires no movmg parts or rubber connections, and because 
the state of the vacuum is mdicated by pressmg a button The Plucker tube 
has two bulbs connected by a capillary with a side-arm connection to the evac- 
uated system Each bulb has an alummum electrode connected through a switch 
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■With the secondaiy of an induction coil With a low vacuum there occurs be 
tween the electrodes a violet discharge that becomes fluorescent with a high 
vacuum and disappears entirely when the vacuum is high enough for rapid 
drying 
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FRESH ISOLATES OF ACTINOMYCETES IN WHICH THE PRESENCE 
OF SPOROGENOUS AERIAL MYCELIA IS A FLUCTUATING 
CHARACTERISTIC^ = 

KENNETH L JONES 

Deparlmenl of Botany, Untverstly of Michigan, Ann Arbor, Michigan 
Received for publication October 25, 1948 

Actinomycetes of saprophytic, aerobic habit have vegetative myceha of true- 
branching hyphae that grow in and on the substratum Aerial myceha composed 
of more or less erect filaments may arise within 2 to 30 days on a new growth 
The filaments are usually coarser than those of the vegetative mycehum, and 
they are more apt to be acid-fast (Umbreit, 1939), perhaps because of the Iipid 
character of the outer wall (Erickson, 1947o) Spores may be produced by the 
aerial hyphae They have been termed conidia, although their origm may be 
endogenous The species that are especially abundant m the soil form chams 
of aenal spores and were hence named Slreptomyces by Waksman and Henrici 
(1943) The species that lack conidia but have a vegetative mycehum that 
fragments were placed m the genus Nocardia 
The presence of aerial spores is unfortunately not a fixed charactenstic, 
partly because the presenee of aerial myceha is variable In fact, m Nocardta 
{ProacUnomyces of Jensen) “the property of forming aerial myceha seems easily 
lost” (Jensen, 1931), and it “cannot actually be used as a criterion for separation, 
smce it IS dependent to a large extent, on the cultural conditions” (Umbreit, 
1939) In Slreptomyces the loss may be permanent (Appleby, 1948) or tem- 
porary (Schatz and Waksman, 1945) If permanent, it occurs suddenly as a 
mutation or gradually from continued culture on artificial media The tem- 
porary loss IS a direct effect of the cultural conditions, a genetically controlled 
fluctuation, or an mteraction of the two 

If a culture of Slreptomyces fails to produce aerial hyphae, it is mdistmguish- 
able from species of Nocardta that have a persistent vegetative mycehum, P- 
Proactinomyces of Umbreit (1939) The occurrence of such cultures m Slrep- 
tomyces gnseus prompted Schatz and Waksman (1945) to raise the question, 
“To what extent may many of the species of Nocardta described m the litera- 
ture represent variants of Slreptomyces species that have lost the property of 
producmg aerial mycehum?” The question, as these authors mdicated, is not 
merely one of nomenclature The variants lackmg aerial myceha may be quite 
unlike the origmal in biochemical and morphological properties In mdustnal 
microbiology this may have reference to enzymes, antibiotics, and acids, as well 
as to the physical nature of the growth en masse In the soil it is likely that 
growths lackmg spores are more restricted in their distnbhtion than are the 
sporeformers and that they differ from them m attackmg plant residues 

' Paper number 885 from the Department of Botany of the University of Michigan 
• This work was aided by a grant from the Horace H Rackham School of Graduate 
Studies 
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The frequency of vanants lacking aenal mycelia, either temporariJi or ocr 
manently, is unknown Schaal (1944) found that, in the actinom} cetes produc 
mg potato scab, sectormg is especially associated with certain strains Skinner 
(Skinner, Emmons, and Tsuchiya, 1947) beheves that "although variant sec 
tors are sometimes seen, they do not seem to occur more frequently than thc\ 
do m colomes of molds and bacteria of equal age.” The effect of the medium 
on the presence or absence of aerial hyphae has m a general waj' been com 
mented on by several workers, as has the physiological degeneration, including 
the loss of sporulation Jones (1946) and Erikson (19475) have found that 
sporulation may be restored by retummg the organisms to soil, m fact, sterilized 
sod IS an excellent medium for mamtainmg stocks of Slrepiomyces 
The writer (1940) became mterested m fluctuating variations that occurred 
m monosporic cultures, e g , stram 47-13, that faded to form aerial growth after 
oidy a few transfers, but that later from time to time regained the properlj in a 
most unpredictable manner Chance observations of this phenomenon in other 
fresh, vigorous isolates and in culture collections of Nocardta led to the present 
attempt to get some idea of its frequency 


MATERIAE AND METHODS 


A representative collection of fresh isolates of Slrepiomyces was obtamed from a 
wide range of soils in the Umted States I am mdebted to Professor F K 
Sparrow, Jr , for the use of his sod collections from Bikmi, Java, Sumatra, and 
Brazil, to Thomas Muzik for sods from North Africa, and to Margery Anthon> 
for samples collected m Mexico 

Soil suspensions were prepared m sterde tap water and plated in Jensen’s 
(1930) sodium casemate, glucose agar After two weeks representative colonies 
of Slrepiomyces beanng a heavy felt of sporogenous, aenal grondh were selected 
for transfer to Bennett’s medium, which was the most favorable of those tested 
for the production of aenal myceha The formula for this medium nas norked 
out by Dr Ralph Bennett, who has kindly consented to its inclusion here 


Benneii’s medium for sporulation in Slrepiomyces 


Yeast extract 
Beef extract 
“N-Z-amine A”’ 

Glucose 

Distilled water 

Adjust to pH 7 3 with A'aOH 


1 0 e 

1 0 K 

2 0s 
10 0 s 

1,000 0 ml 


The other agar media tested were Czapek’s, modified Czapek’s with gl}Ccrol 
substituted for sucrose, Krainsky's glucose asparagme, glycerol nutnent, starch 
and ralcitim malate Bennett’s medium usuaUy gave the heaviest grontn oi 
daough aa Carva,ai (1946) alated, -The bast mcd.ua. fee eperc 
production for one stram may be unsatisfactory for another 

On bemg transferred, the aenal mjeehum was inoculated nt of 

agar at 25 successive pomts, 1 5 cm apart This permits full dev clopmcnl of 


» ‘'N-Z-amine A” is an enzjmatic hydroljrzate of casein 
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colonies and brings out any variation which maj’- result from the amount of the 
moculum (Jones, 1946) There were cultured 1,298 isolates, with results m the 
first plating as follows 1,045, or 80 5 per cent, produced only colomes with 
aerial mycelia, 173, or 13 3 per cent, formed some colomes with and others 
without aerial mycelia, and 80, or 6 1 per cent, produced only colonies that 
lacked aerial mycelia 

Sixty-three of the isolates that were in the group lacking aerial myceha were 
transferred to fresh plates at monthly mtervals A summary of the results of 
the first 6 transplants is given m table 1, where they are designated as group I 
Several of the isolates were not able to survive on laboratoiy media They 
usually formed soft, pasty colonies of fragmented or autolyzed mycelia Seven 
of the ^^gorous isolates produced only colomes with vegetative growth, however, 
3 of these have smce given rise to colonies with aenal myceha beanng spores 

TABLE 1 

A summary of the presence or absence of aerial myceha in two groups of “Streptomyces" 


(Group I isolates lacked aerial mjcelia in the first transfer after isolation from soUj 
whereas group II possessed aerial mj celia on all colonies The isolates were grown aS 
colonies, 25 per plate, on Bennett’s medium and transferred once a month for 6 months ) 


GSOU? 

\0 OF ISOLATES 

hO or ISOIATCS 
TO STJi\’IVE 

6 TEAhSFEES 

1 

AEJtlAL UYCEIIA 
PEXSEJfT 

AEEXAI. m CELIA 
(=b) 

AEirALmCTT.TA 

ABSE^*T 

I 

63 

45 

5 (11%) 

33 (73%) 

7 (15%) 

II 

96 

92 

85 (92%) 

7 (7%) 

0 (0%) 


“Aenal myceha present” indicates that every colonj in the 6 transfers possessed them 
“Aerial mycelia (±)” indicates that some colomes lacked aerial mjcelia and others pos- 
sessed them “Aenal myceha absent” indicates that every colony in the 6 transfers 
lacked them 

Thirty-three (73 per cent) formed aenal growth on some colomes but not on 
others, and 5 produced aenal filaments on every colony For comparison with 
group I, 96 isolates were selected from the 1,045 that possessed aenal myceha 
on all colomes m the first platmg on Bennett’s medium, and these, designated as 
group II, were transferred similarly at monthly mtervals Table 1 mdicates that 
the isolates m group II generally survived and were much more stable with 
reference to the production of aenal myceha than were those of group I 
The divergent behavior of the two groups was mamtamed when the isolates 
were afterwards grown on Kramsky’s glucose asparagme agar and on Czapek’s 
medium In group I, 33 per cent formed colonies every one of which possessed 
a heavy felt of sporogenous hj^phae on Kramsky’s medium, whereas 90 per cent 
of group II showed this property On Czapek’s medium, 15 per cent of group I 
were sporogenous as compared with 78 per cent for group II Some isolates 
gave positive results on one medium and not on another, howei er, this was not 
the general rule Jones (1946) and Enkson (19475) have emphasized the m- 
fiuence of the penultimate medium It is likely that certam isolates would have 
given different results had they been grown first, saj', on Krainsky’s and then 
on Bennett’s medium^ 
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Sireptomyces is designated by Waksman and Hennci (1943) as the cenu-; of 
actmomycetes in which aerial spores (“conidia”) are produced in chains The^o 
investigators and their associates, however, have been fully aware of the labile 
nature of sporulation Schatz and Waksman (1945) showed that asporous 
variants of Streptomyces gnseus, under certam conditions of culture, reiertcd 
to the parent sporulatmg stram In Henna’s Molds, Yeasts, and Aclinomycctes 
(Skmner, Emmons, and Tsuchiya, 1947, p 357) it is stated, "It is not an uncom- 
mon experience to find conidia develop rather suddenly on a stram which has 
not shown any aenal mycehum during many months of subcultivation, and old 
laboratoiy strams, which formed conidia when first isolated, frequentl} ha\ca 
tendency to lose the abihty to form conidia regularly " 

It IS debatable whether or not the aerial mycelium and its spores represent a 
stage m the life cycle of StrepU)myces that is fundamentally unlike the \ egetatn c 
mycehum Badian (1936) and Klieneberger-Nobel (1947) believe that the two 
are distmct the spores are a diploid stage and the vegetative mycelium is hap- 
loid Badian thinks that a union of chromosomelike bodies occurs in the aerial 
hyphae and the resultant diploid spores undergo reduction division on germina 
tion Kheneberger-Nobel beheves there is a fusion of filaments in the primary 
mycehum to form initial cells “which consist of darkly staining nuclear bodies 
surrounded by cytoplasm and later enclosed by a cell wall ” The mitial cells 
produce the aerial or secondaiy mycelium 
Whether spores are haploid or diploid, or even possess chromosomes, it has 
been proved that they may form in the vegetative filaments as well as m the 
aenal ones Krassilnikov (1938) observed and illustrated spores m his Pro 
actinomyces niber n sp , an orgamsm ordmanly lackmg aerial growth “The 
spores are formed by the breakmg up of the cell plasma into separate portions 
usually into 3 to 5, every portion becomes rounded, covered with a membrane 
and transforms into a spore, the membrane of the mother cell dissolves and 
disappears The spores germmate m the same way as those of actinomyces, 
they form germs which develop mto a mycelium ” Carvajal (1947) obsened 
and clearly photographed spores m the vegetative filaments of Slreplotnyccs 
gnseus, Streptomyces lavendulae, Streptomyces alhus, and an unidentified chro- 


mogenous species 

The natural distnbution of Streptomyces species must depend primarily on the 
abihty to sporulate abundantly and regularly Jones (1944) found that cultures 
“m sterihzed soil differ markedly in them sporulation ” Some co\ er the surface 
of the soil with a hea\y powder of conidia, m others there is no macroscopic 


evidence of spores a t 

The actmomycetes m which the formation of aerial spores is a fluctuating 

charactenstic present a taxonomic dilemma Are they Nocardta or Slrcplomyc/s 
It IS not known whether the isolates m nature were asporous or sporogenou' 
The behavior on laboratoiy media is too irregular to show whether tbc% arc 
acauirmg or losmg the property of sporulation It is true that moA o 
vigorous ones produce colonies like those of Streptomyces ^ ‘’Itroma 

of Umbreit, 1939), m which the stable mycehum forms a leath.ry 
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However, some are bactenalike, with the mycelium fragmentmg or dismtegrat- 
mg to give pasty colonies 


SUMMARY 

Colonies of 1,298 isolates of Streptomyces were grown from fresh isolates of 
soil organisms obtained from the United States, Mexico, South America, Africa, 
and the South Pacific In one-fifth of the isolates the characteristic of aerial 
mycelia was a fluctuating one from the start Six per cent formed only vege- 
tative growth in the first transfer However, even these proved to fluctuate on 
further subcultivation A representative sample of the four-fifths that formed 
onlj' sporogenous colonies in the first platmg remamed relatively stable on sub- 
cultivation The assignment of the fluctuating group to Streptomyces or to 
Nocardia would be entirely arbitrary 
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In 1926 Rona and Nicolai (1926) reported that manometric measurements of 
the fermentation of glucose by Escherichia coli showed this decomposition to be a 
typical lactic acid fermentation with the formation of two moles of lactic acid 
per mole of glucose This conclusion is m contrast with the one reached by 
Harden (1901), who, by direct chemical analyses, found that the fermentation 
can be represented approximately by the equation 

2C6Hio06 + H.O = 2CH3CHOHCOOH + 
glucose lactic acid 

CHaCOOH + CjHsOH + 2CO2 + 2H2 
acetic acid ethanol 

Harden’s work received support from later mvestigations (Grey, 1914, 1918, 
Kay, 1926, Scheffer, 1928, Tasman, 1935, Tikka, 1935) also conducted on a scale 
large enough to permit chemical analyses Although Harden’s studies were 
made with growmg cultures of the bacteria, essentially similar results were later 
obtamed by the use of nonprohferatmg cell suspensions (Grey, 1918, Tasman, 
1935, Tikka, 1935) Even with cell-free ertracts of E coli a decomposition 
more compheated than a lactic acid fermentation has been demonstrated (Kalnit- 
sky and Werkman, 1943) 

The discrepancy between the results of Rona and Nicolai and of Harden, 
Grey, and others has never been explamed or remvestigated, although it has 
caused much perplexity The experimental support for Rona and Nicolai’s 
conclusion is rather meager, apart from a qualitative determmation of lactic 
acid and the establishment that no gaseous products are formed directly from the 
sugar, their case rests upon manometric data that purportedly show the forma- 
tion of two moles of acid per mole of sugar 

That no gaseous fermentation products were found by Rona and Nicolai is 
understandable enough today, the subsequent mvestigations of Stephenson, 
Stickland, and Yudkm (Stephenson, 1937) have clearly shown that cell sus- 
pensions of E coll do not hberate gas from glucose under anaerobic conditions 
if the organisms are grown m the presence of an abundant supply of oxygen 
Thus, the method of preparmg cell suspensions used by Rona and Nicolai — 
growmg the organisms on the surface of agar media — would have precluded the 
appearance of gas m their experiments, other than through the decomposition 
of bicarbonate by acidic products But it is also known that such cell suspen- 
sions 3aeld, mstead of the normally found mixture of CO2 and H2, an equivalent 
amount of formic acid 
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From the evidence submitted in theu- publication, it is not clear hoii Rona 
and Nicolai could clam the production of 2 moles of acid per mole of glucose, 
recalculation of their data pertammg to the two fermentations that were al 
lowed to go to completion mdicates that much less acid was formed 


GLUCOSE CONSUMED | 

Acn> roufED 

UOLE5 or ACID rxi VOLt 
or GLUCOSE 

1 

fnm* J 



0 15 

18 7 

11 5 

0 61 


37 4 

44 5 

1 19 


One might, perhaps, consider the experiments of Cattaneo and Neuberg (1934) 
as providmg support for Rona and Nicolai’s contentions By the use of dried 
cells of E colt m the presence of toluene and glutathione, a quantitative con 
version of hexose diphosphate to lactic acid was accomplished Such a system, 
however, is far removed from that operatmg m a normal fermentation 

In view of the existmg difficulty of accounting satisfactorily for the claims 
put forward by Rona and Nicolai, it seemed advisable to repeat their manomct- 
nc experiments and to supplement and support the manometnc data by chem 
ical analyses of the fermentations 


EXPERIMENTS 

Experiments were made with three strams of Bschenchta colt, obtained from 
different sources to ensure that the results would have general significance 
Strain PA4 1 was obtamed from the culture collection of the Hopbns Mannc 
Station, stram E was isolated from raw sewage by Dr S Elsden, to whom wc 
are mdebted for this culture, and stram S was isolated from a fecal suspension 

streaked on eosm methylene blue agar plates fp,n,pnted 

All three strams consisted of short gram-negative rods They fer®c 
glucose and lactose m broth with the formation of acid and gas, formed indde 
m trvntone medium, did not grow with citrate as the sole source of energj, 
proved sufficient acid m glucose broth to change the color of methyl mto 
to md L not produce acetylmethylcarbmol The stamc ” 

tvmcal S colt Stock cultures were mamtamed on yeast ectract, 2 P“ 

agar slants m the mfngerate and subculturcd at bimoathlj 

mtervals ■Roreroft-Warburg apparatus was used Cell 

the other cup received 0 2 ml of 2 n containing 1 oro 

residual bicarbonate The atmosphere th ^ 

per cent CO. The gases were freed f J Fermentations .ere 

gauze The bath temperature was 30 4 C, _ 0 1 o 
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allowed to continue until all the glucose had been utilized as indicated by the 
cessation of acid formation This usually required 2 to 3 hours The endog- 
enous fermentation was negligible Acid formation was measured as CO 2 hber- 
ated from the interaction of the fermentation acids with the bicarbonate of the 
cell suspensions, and the total amount of acid formed was calculated from the 
difference between initial and residual bicarbonate The course of a typical 
fermentation is shown m figure 1 

The results of a senes of experiments to determine the number of moles of 
acid produced by E coli per mole of glucose fermented are given in table 1 
Without exception and regardless of the gas phase, the three strams produced an 
average of about 2 5 moles of acid per mole of glucose All strains formed ap- 
proximately the same amount of acid These values are greater than the 2 
moles of acid claimed by Rona and Nicolai and immediately rule out the possi- 
bility that each mole of sugar is converted mto 2 moles of lactic acid They 
indicate, on the contrary, a decomposition more in line with the results of 
Harden, Grey, and others 

That the CO 2 produced m the vessels is due entirely to the reaction of the 
fermentation acids with the bicarbonate and does not arise, m part, metabohcally 
from the glucose is shown by the close agreement between initial HC 03 “-C 02 
and the sum of the residual HC 03 “-C 02 and the CO 2 output (table 2) If any 
metabohc CO 2 had been formed, the sum of CO 2 liberated to the gas phase and 
residual bicarbonate would have exceeded the mitial HC 03 ~-C 02 by an amount 
equal to that of the metabohc CO 2 

It was to be expected that the p ressure changes would be due entirely to CO 2 
and not m part to hydrogen, smce the cells were grown aerobically and would 
therefore not contam hydrogenlyase, the enzyme that splits formic acid to CO 2 
and H 2 (Stephenson, 1937) This hypothesis was further supported by the 
absence of gas formation m fermentations m phosphate buffer Fmally, the 
absence of hydrogen was firmly established by gas analyses at the ternunation 
of several of the manometnc experiments This was necessary m view of the 
following considerations 

The close agreement between initial bicarbonate-C02 and final bicarbonate 
CO 2 plus hberated gaseous CO 2 does not rigorously exclude the possibihty that 
hydrogen might have been formed Smce E colt, m common with other hetero- 
trophic bacteria, can fix CO 2 (Elsden, 1938, Wood et al , 1941), it is at least 
theoretically possible that H 2 production might have occurred, coimterbalanced 
by an exactly equivalent CO 2 assimilation The gas analyses made by a pro- 
cedure similar to that of the “second method” of Dickens and Suner (Dixon, 
1943) showed convmcmgly that neither H 2 nor any gas other than CO 2 and the 
mitially mtroduced nitrogen were present 

The three strams of E coh will form both acid and gas from glucose, providmg 
the cell suspensions are prepared from YED broth cultures (100 ml of medium 
per 150-inl Florence flask) instead of from YED agar plates Such cells, havmg 
been cultivated under reduced oxygen tension, contain hydrogenlyase and thus 
produce H 2 and CO 2 m place of formic acid Data for two of the strains grown in 
broth are given m table 3 



150 


J L STOKES 


[voL. 57 



MINUTES 

Ptgure 1 Fermentation of 6 66 fiu of glucose by 10 mm’ of E coh cells A CO: produc 
tion with glucose B COi production without glucose (endogenous fermentation) 

TABLE 1 


Formation of and from glucose by suspensions of E coli 


STEAIK 

ini» OLCCOSE 

UK' ACID 

yotI5 AOS 

m MCLZ or 
ctccosr 

PerccDto^e of COj id atiaospbere 

1 

5 

100 

PA4 1 

149 3 

384 



2 57 


149 3 

372 



2 49 

i 

S 

149 3 

355 



' 2 3S 


149 3 


1 3S6 


2 5S 


149 3 


3S9 


2 00 


149 3 



355 

2 3S 

E 

149 3 

369 



2 47 


149 3 


3S0 


2 54 
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The excess of 300 mm® of gas, calculated as CO 2 , over the total imtial HCOs"- 
COj IS that produced metabolically and not from the interaction of the fermenta- 
tion acids with bicarbonate From the A HCOa”, acid production is computed as 
1 3 moles per mole of glucose, 1 e , 1 2 moles less than m fermentations with 
aerobically grown cells This difference could readily be accounted for as due 
to the decomposition of formic acid As will be shown, this is exactly the amount 
of formic acid produced by cells grown under aerobic conditions Also, such 

TABLE 2 


Carbon dioxide balances in the fermentation of glucose by E coli suspensions 



STRAIN 

PA41 

s 

E 


flim* 

mm> 

mm* 

Initial HC0 j“-C02 

461 

420 

428 

C02-liberated 

386 

389 

380 

Residual HC03~-C0i 

61 

33 

62 

Total 

447 

422 

442 


TABLE 3 

Formation of acid and gas from 0 8 ml of u/SO glucose by E coli suspensions from broth cultures 



E COtl(5) 

E COLl(£) 


mm* 

mm"* 

1 Initial HC0 j“-C02 

413 

414 

2 Gas liberated (COj -b Hi) 

492 

603 

3 Residual HCOi“-CO. 

205 

220 

4 Total gas (2 -b 3) 

697 

723 

5 Metabolic gas (4 minus 1) 

284 

309 

6 CO 2 due to acid formation (1 minus 3) 

208 

194 

7 Moles of acid per mole of glucose (6 — 149 3) 

1 37 

1 30 


decomposition should give rise to a 1 1 mixture of H 2 and CO 2 and that is what 
was found 

Chemical analyses Manometry shows that 2 5 moles of acid are produced 
per mole of glucose This is m Ime with the amounts to be expected from the 
mvestigations of Harden, Grey, and others One might, however, expect that 
acidic products other than lactic acid had been produced, notably, formic, 
acetic, and succmic acids It was therefore desirable to support this view further 
by chemical analyses 
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In preparmg material for analysis, a pilot manometric experiment was alnai s 
made m order to be certam that the particular batch of cells used belnicd 
tj^jcally and also to indicate when the sugar was completely utilized Alone 
side the Warburg vessels was placed a 500-ml Erlenmeyer flask, fitted iMth m 
imet and outlet tube for aeration, which received exactly 100 times the quantity 
of cell suspension and glucose that went into each Warburg vessel Tiie flask 
thus received 200 ml of cells suspended in 0 01 m NaHCOj and 20 ml of u/30 
glucose (120 mg) The gas phase in the flask was either nitrogen mth 5 per 
cent CO 2 or CO 2 alone, the same as in the Warburg vessel The flask culture « ns 
shaken by hand at frequent intervals during incubation At the conclusion 
of the manometric experiment, the flask culture was removed from the b-ith 
and acidified with 3 ml of 10 n HjSOi to stop the fermentation and to preserve 
the fermented liquid from microbial contammation durmg storage The cells 
were removed by centrifugation, washed once with about 50 ml of water, and the 
total supernatant liquids were adjusted to exactly 300 ml Aliquots were re- 
moved for chemical analysis The remainder of the fermentation liquor was 
stored m the refngerator 

Some diflSculties were encountered m the analyses because of the small amounts 
of metabolic products About 150 ml of liquor, representmg only 60 mg of tlic 
initial glucose, was used for a complete analysis of ethanol, the various organic 
acids, and residual glucose Semimicro methods, adequate for quantitativelj 
measurmg 0 5 mg to 1 0 mg of each of the expected end products, were required 
The methods finally adopted were first tested on known solutions of each of the 
fermentation products and then on an artificial mixture of all of them, mixed in 
the proportion normally found in the fermentations Recoveries 11 ere of the 


order of 90 per cent or better 

Residual glucose was tested for by the modified method of LufT-Schoorl 
(Browne and Zerban, 1941) Even with considerable amounts of fermented solu 
tions, concentrated by evaporation, no trace of unfermented sugar was ever 
detected Ethanol was determined by the dichromate oxidation method of 


Northrup el al (1919) The total volatile acids were obtained by steam distilw 
tion Formic and acetic acids were determmed by Duclaux distillation of an 
aliquot of the volatile acid fraction Because of the small quantities of acids 
mvolved, it was necessary to use special precautions and veiy carefully to 
standardize the distillation procedure in order to obtain accurate and reproducible 
results The distillation flask was lagged with asbestos and covered with a tin 
can to reduce condensation Also, it was essential to use a flame strong enough 
to distill 25-ml fractions m 5| mmutes with a reproducibility of ±0 seconds, 
slower distillation gave erratic results Care was taken to avoid any change 
m apparatus or procedure after estabhshment of the proper conditions for attain 
ment of reproducible constants with known solutions of foraic and acetic acids 
Formic acid was also determmed directly by the HgCl* method of Find c (19 
This was done, usually, on an aliquot of the volatile acid fraction but occa-sionai > 
also directly on the fermented hquor, the same results were obtained m 
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cases Since the quantities of formic and acetic acids determined by the two 
procedures were in good agreement, it is obvious that volatile fatty acids other 
than these were not present Lactic acid was determmed by the acid KMnOi 
method of Friedemann and Graeser (1933), either directly on the fermented 
liquor or on an aqueous solution of an ether extract of the nonvolatile acid frac- 
tion Succinic acid was measured m the Warburg apparatus with a succmic 
dehydrogenase preparation made from cormorant breast muscle The procedure 
of Cohen (TJmbreit et al , 1947) was modified to mclude disintegration of the 
muscle tissue in a Warmg blender for about 20 seconds m between the first and 
second washing of the mmced tissue The final preparation had relatively 
small particles because of the blender treatment, was easy to pipette, and had a 
high activity, probably due to the finer dispersion of the tissue, so that determma- 
tions were completed m 20 mmutes as compared to the 60 to 90 mmutes normally 
required Difficulty was encountered m the ether extraction of the nonvolatile 
acids after mmng the acidified, concentrated alcohol- and volatile-acid-free 
fermentation liquor with anhydrous NajSOi This was traced to the simul- 
taneous extraction of small amounts of the HjSO^, mitially used m excess for the 
purpose of acidifying the solution Although the amount of H2SO4 extracted, 
about 1 0 ml of 0 01 N acid, would be msignificant m the determmation of macro 
quantities of nonvolatile acids, it was equal to about 25 per cent of the total non- 
volatile acids bemg measured This difficulty was ehmmated by acidifymg the 
nonvolatile acids with only sufficient HjSO^ to give a pH of 2 prior to mmng with 
NajSO^ This procedure eliminated excess H2SO4 and therefore the extraction 
of the latter by ether 

The results of the chemical analyses have been combmed m table 4 Each 
mole of glucose fermented gave nse to 0 8 moles of ethanol and of acetic acid, 
1 2 moles of formic acid, 0 1 to 0 2 moles of lactic acid, and 0 3 to 0 4 moles of 
succmic acid All the carbon, hydrogen, and oxygen of the fermented glucose 
IS accounted for by these end products The recovenes, although somewhat 
high, are reasonably good m view of the small quantities of metabohc products 
mvolved The chemically recovered equivalents of acid are substantially m 
agreement with the quantities determmed manometrically There were no sig- 
nificant differences between strains E and S 

Lactic acid, which is stated by Rona and Nicolai to be the only end product 
of the fermentation, actually is produced m only relatively small amounts, 0 1 
to 0 2 moles per mole of sugar fermented, which is less than that of any of the 
other organic acids These quantities are also considerably less than the ap- 
proximately 1 mole of lactic acid found by Harden (1901), Scheffer (1928), and 
Tasman (1935) m their experiments At first, it was suspected that the low 
yield of lactic acid might be due to the relatively high pH (7 1) at which the 
fermentations proceeded, smce Tikka (1935) has shown such a correlation m his 
experiments For example, he foimd 0 9 moles of lactic acid formed per mole of 
glucose fermented at pH 6 4, but only 0 4 moles at pH 7 1, and 0 05 moles at pH 
7 6 In one experiment, conducted m bicarbonate buffer at pH 7 6, Tikka 
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obtamed 0 2 moles of lactic acid, a value vbicb corresponds exactly with our own 
The profound eSeot of pH on the ootoe of npcrobS 

^ ® ™cl Werfanm, 193S, C.ues.l„> 

In order to test this possibihty, a fermentation was conducted mth strain S 
suspended m 0 01 m NaHGOj, and equibbrated with a gas phase of pure CO ' 
resultmg m a pH of 5 8 This experiment yielded essentially the same small 
^ount of lactic acid as fermentations at the higher pH, also the quantities of 
the other fermentation products were m agreement with those obtained at pH 


TABLE 4 

Metabolic products formed tn the dissimtlatton of glucose by suspensions of B coh 



E COM (e) 

Z coil (s) 

Gas phase 

5 % COunN* 

S'^COjioNi 

COi 

Initial pH 

7 1 

7 1 

58 


molts ptr mole of glucose dtssmtloted 

End products 




Ethanol 

0 84 

0 77 

0 82 

Formic acid 

1 16 

1 21 

1 34 

Acetic acid i 

0 81 

0 78 

0 70 

Lactic acid 

0 10 

0 20 

0 21 

Succimc acid 

0 34 

0 39 

0 27 



fir etnl 


Recoveries 


1 1 


Carbon 

102 

lOS 

1 102 

Hydrogen 

110 

114 

111 

Oxygen 

107 

115 

no 

Redox index 

0 90 

1 04 

0 9S 

Equivalents of acid 



2 3S 

Manometncally 

2 54 

2 60 

Chemically 

2 75 

2 97 

2 70 


7 1 (table 4) Obviously the hydrogen ion concentration is not the onlj factor 
which influences lactic acid formation 

The high yields of lactic acid have invariably been associated mth fermenfa- 
tions m media containmg phosphate Hence a number of expenments were 
conducted m m/15 phosphate buffers at different levels of pH The results (tabic 
5) leave no doubt that it is the combmed effect of phosphate and Ion pH that 
gives rise to yields of lactic acid of the order of magnitude of 1 mole per mole ot 
sugar fermented— yields which haie so often been encountered eier since Har- 
den’s mvestigations The spectacular decrease in lactic acid formation at hig i 
pH levels is accompanied by an merease m ethanol and i olatile acids, ana > tis 
of the latter has proved that it is chiefly formic acid produchon that is 
This phenomenon is directly comparable with the findings of Gunsalus and ^ 
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(1942), who showed that homofermentative lactic acid bacteria produce con- 
siderable amounts of ethanol and fatty acids at high pH It would be important 
to establish whether the behavior of the lactic acid bacteria, too, depends upon 
the presence of phosphate 

From the foregoing results it follows, therefore, that Harden’s equation can 
be considered to paraphrase the cob fermentation only under a restricted set of 
environmental conditions It is possible to view the coh fermentation, especially 
that with hydrogenlyase-deficient cells, as one m which the preliminary or 
glycolytic phase gives rise to the key intermediate, pyruvate The subsequent 
fate of pyruvate will largely determine the nature of the fermentation The 

TABLE 5 


Effect of pH on the quantities of nietaholic products formed in the fermentation* of glucose 

by E colt (S) 


pH 

LACTIC ACtD 

SUCCINIC ACID 

VOLATILE AaD 

ETHANOL 



moles Per mole oj glucose Jermenied 


5 62 

0 95 

0 14 

1 05 

0 48 

6 00 

0 74 

0 19 

0 75 

0 50 

6 50 

0 32 

0 31 

0 79 

0 78 

7 00 

0 10 

0 26 

1 51 

0 81 

7 46 

0 07 

0 26 

1 39 

0 82 

7 96 

0 05 

0 24 

1 44 

0 83 


* FermeDtations were conducted m m/16 phosphate buffer at the indicated pH’s and 
under an atmosphere of nitrogen 


pertment reactions of pyruvate in coli probably are reduction, phosphoroclastic 
sphttmg, and dismutation 

(1) CHuCOCOOH -f 2H = CH 3 CHOHCOOH 

pyruvic acid lactic acid 

( 2 ) cacocooH + ao -S' cacoon + hcooh SSriMs.uto; 

acetic acid formic acid Lipmann, and 

Workman, 1945) 

(3) 2CH,COCOOH + HjO = CH 3 CHOHCOOH -f CH 3 COOH -f CO 2 

(Krebs, 1937) 

These are competitive reactions which are regulated by the conditions of the 
fermentation and which, m turn, determme the quantities of end products 
formed Below pH 7 reduction of pyruvate to lactic acid occurs to a consider- 
able extent, whereas above pH 7 this reduction is hnuted m favor of a phos- 
phoroclastic split of pyruvate to acetic and formic acids This view is strength- 
ened by the observation that m the absence of phosphate the amount of lactic 
acid formed is not influenced by pH — and even more so by the lack of CO 2 
production m the experiments with aerobically grown cells, which rules out the 
occurrence of the Krebs dismutation reaction 
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acd do ... 

the latter, the present mvestieation nn. 5 A« ^cid In connection vnth 

acid production in sugar fermentations has P^'oblem Since 1938 succinic 

from the addition of rp^^ratd 

coadeosata product, oxaloaSaL t^^ 

Eggleston, 1940, Wood 1Q4R') TKn x 1938, Jtrebs and 

the Srfud HOO - m ?°d t.«rbouale.OO= aud Ih. s.™ „i 

, ’ production resulting from acid formation 

thfc Ti? hi assimilated during the fermentation Nev or’ 

substance must have arisen by a mechanism other tlmn the 
narhn reaction,” and it seems possible that a condensation of a 3 

mrhon compound with formic acid rather than wth CO, may have occurred 
Ihe possibdity is, of course, not excluded that other mechanisms may be in- 
volved, such as the postulated condensation of acetate mth a Q. or C, compound 
(Slade and Werkman, 1943, Kalnitsky, Wood, and Werkman, 1943) Howei er 
some implications of the present data seem to favor the former supposition 
According to the three equations representing the modes of decomposition of 
pyruvic acid, the formation of acetic acid should be accompanied b> the hbcia* 
tion of an equimolar quantity of a l-carbon compound It is reasonable to 
assume that the other 2-carboa product, ethanol, is formed by a similar mecha- 
nism But in that event the molecular ratio of ethanol and acetic acid, on the one 
hand, and of the l-carbon compound, here restricted to formic acid, on the otlicr, 
should be unity And this is evidently not the case, in the three fermentations 
listed in table 4 the quantities of the 2-carbon products are far in e\cosH of the 
formic acid By postulating a condensation of a S-carhon intermediate siibslance 

with formic acid as one of the steps leading to succinic acid production, the total 
extent of formic acid formation can be computed by adding the presumable as- 
similated quantity, 1 mole for each mole of succinic acid, to that finally obsen cd 
as remaining m the fermented liquid In doing so, the follow ing figures result 
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Cl products 

Formic ficid 

Succinic tcid 

'Coffccftf J 

formic Acid (fomic 
+ jaccnicaci fj> 

1 

Fermentation 1 

1 65 

1 16 

0 34 

I 50 

Fermentation 2 

1 55 

1 21 

0 39 

' I CO 

Fermentation 3 

1 52 

1 34 

' 0 27 

} Cl 

Average 

I 57 


1 1 57 


This repeals that the “corrected” values for formic acid production clo-'l' 
approximate those of the Ci compounds, so that the expected i I ratio of C- 
and Cj products is actually realized 
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Alternatively, a mechanism of succinic acid formation mvolvmg condensations 
of 2-carbon compounds would fit the data only if the latter substances could 
originate from the breakdo^vn of sugar without bemg accompanied by 1-carbon 
products No evidence exists at present for such a degradation 

As for ethanol, the most probable mode of its formation now appears to con- 
sist m a reduction of acetic acid These problems are bemg mvestigated further 
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SUMMARY 

The claim of Rona and Nicolai, based on manometric experiments, that aero- 
bically grown cells of Escherichia coh ferment glucose with the production of two 
moles of lactic acid per mole of sugar could not be confirmed Instead, our mano- 
metric ex-perrments show that 2 5 moles of acid are formed Chemical analyses 
demonstrate that 0 8 moles each of ethanol and of acetic acid, 1 2 moles of formic 
acid, 0 2 moles of lactic acid, and 0 4 moles of succmic acid are produced in the 
fermentations These end products, m the amounts formed, account com- 
pletely for all the glucose dissimilated 

The pH greatly mfluences the yields of metabolic products in fermentations 
conducted in phosphate, but not m those m bicarbonate buffer 

The quantitative data strongly suggest that succmic acid origmated by a 
condensation of a 3-carbon compound with formic acid 
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Primary mfection of the peritoneum by Klebsiella pneumoniae appears to be 
rare Cook (1932), McDonald and Klmgson (1946), and Osborne (1948) each 
reported one case Baehr, Schwart 2 man, and Greenspan (1937a, 6) clauned K 
pneumoniae to be rare as a primary pathogen m the respiratory tract and to be a 
much more frequent inhabitant of the mtestme Kendall (1928) reported its 
frequency m the mtestmal tract of mfants but not m adults, whereas Dudgeon 
(1926) cultured this organism from the feces of 5 5 per cent of a large group 
Regardmg the question of the true natural occurrence of K pneumoniae as a 
pathogen, Osterman and Rettger (1941a, 6) emphasized the tendency to rely on 
the ongm of the organism as a material aid m its identification Murray, 
Pame, and Finland minirmzed its mcidence m the mtestmal tract (Murray, 
Pame, and Finland, 1947, Pame, Murray, and Finland, 1947) 

Information on the occurrence of K pneumoniae m the gastromtestmal tract 
of normal healthy adults is lackmg Also smee reports are conflictmg with 
regard to the true identity of this organism, several observations are reported 
here m an attempt to clarify, rather than add to, the confusion surroundmg 
the cultural and serological identification of K pneumoniae 

METHODS AND PKOCEDDHE 

Specific antisera from K pneumoniae types A, B, C, and D were prepared 
after the method of Juhannelle (1926) with the exception that chemically 
killed (phenol) mstead of heat-kiUed organisms were used 
A large variety of sohd media were tested for the isolation of K pneumoniae 
by direct moculation from feces The viabihty of K pneumoniae m broth at 
pH values rangmg from 1 to 11 was determmed, and, m addition, the viabihty 
and stability of this organism m gastnc juice was tested to show the possible 
contribution of K pneumoniae ongmatmg from the respiratory tract to the 
flora of the mtestmal tract 

In the survey of feces tested, (1) feces were streaked on Endo’s medium, 
(2) suspicious colonies were checked for purity, (3) the cultures were checked 
for pathogemcity m mice, (4) agglutmation tests were run with specific type 
antisera A, B, C, and D, and (5) typmg for capsular swellmg was run against 
each organism regardless of the agglutmm reaction, on the assumption that a 
mucoid condition and capsular formation may not necessarily go together 
As a factor m demonstratmg agglutmm production and capsular swellmg, 
mucoid colonies of K pneumoniae were subjected to hydrochloric acid or heat, 
or both, m order to render smooth or destroy the capsule 
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experimental results 


Cultural identification with Endows medium Endo’s medium was found to 
be satjs^ctory for the isolation of K pneumoniae by direct inoculation from 
feces This medium supported growth readily, it was noninhibitoi^ nnd it 
was not overgrown by Aerobacter aerogenes, and Eschenchta coh m the firvt 
24 to 36 hours Beef infusion agar and Sim’s medium demonstrated superior 
growth but did not aid in the primary differentiation 
The appearance of mucoid and smooth colonies of /{ pneumoniae on Endo's 
medium was similar except in respect to consistency A aerogenes and E coh, 
whether mucoid or smooth, appeared quite distinct and caused no difficult! in 


recognition The most charactenstic feature of K pneumoniae on Endo’s 
medium is a luxuriant pinbsh-white mucoid growdh The area iramedmtcli 
surroundmg the colonies is unchanged, wuth no precipitation of the dje, and 
there is no change m the color of the medium The colony itself show s practicalK 
no change m color, assummg a shghtpmhish tinge similar to that of the medium 
There is detectable the famtest darkening in the center, but the more translucent 
peripheral sector is scarcely more developed than in the center portion, and there 
IS no sheen These characteristics are particularly striking in the 24-liour ciil 
tures 

Effect of pH and normal gastnc juice on the viability of K pneumoniae Witii 
the broth adjusted to pH 1 and 2, K pneumoniae failed to survive \ hour At 
pH 3, there was a reduction of greater than 95 per cent m 1 hour and of 99 9 
per cent m 2 hours, an occasional colony was found surviving after 4 hours 
At pH 5 and higher, there was no mhibition of growth 

In fresh normal gastnc juice the findings were similar to those found in broth 
at pH values of 1,2, and 3 At pH values of 5, 6, and 7, there was considerable 
reduction also, approximately 75 per cent m 4 hours 

Incidence of K pneumoniae from normal stools In this senes of 400 stools 
from healthy adults exammed for the presence of K pneumoniae, 10 samples 
yielded organisms with cultural and morphological characteristics similar to 
known strains of K pneumoniae The biochemical reactions varied, but all 
were pathogenic to mice Of these ten, 3 strains w'ere mucoidand 7 w ere smooth 
One smooth organism showed agglutmation with type B antiserum, one smooth 
stram gave capsular swellmg with type C antiserum, and one mucoid strain ga\c 


capsular swellmg with type D antiserum 

Vanaiion ofK pneumoniae Subjectmg mucoid A pneumoniae to a/4 h> dro- 
chlonc acid and 56 C for 15 mmutes was satisfactory for destroj mg the capsule 
but not completely satisfactory for rendenng the mucoid colon> smooth Acid 
alone showed no demonstrable effect m reduemg the degree of mucoid character 


or m destroying the capsule , 

Organisms of types A and D after acid and heat treatment lost their capsule, 
as demonstrated by cross agglutmation and the lack of ^eeffic capm e sw c i 
K pneumoniae type A antiserum agglutinated the capsu at^ Tjf D omani'm 
capLlated type A organism Cross agglutination mth the t^-pe D 
occurred with the noncapsulated form but not with the capsula o 
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terestmg was the fact that, although type A lost its capsule, it still showed a 
small degree of mucoid character 

Type D antiserum agglutmated the capsulated as well as the noncapsulated 
homologous organism How'ever, no cross agglutmation occurred with the non- 
capsulated K pneumoniae type A, as was the case with the type D stram 
TjTies B and C organisms failed to survive 5 minutes at 56 C, and n/4 hydro- 
chloric acid alone was ineffective in destroying the capsule 

DISCUSSION 

Reliance on cultural characteristics alone may give a higher mcidence than 
will be confirmed w'hen agglutination and specific typmg are done The m- 
cidence of K pneumoniae from the feces of normal healthy adults was low m this 
series — 2 5 per cent by culture alone, and less than 1 per cent when confirmed 
by agglutmation or capsular swelling Careful moculation on a suitable me- 
dium such as Endo’s tends to lessen the confusion, if the early colony appearance 
rather than the presence or degree of mucoid character is used Since certain 
strams of A aerogenes (mucoid or smooth) demonstrate group agglutmation and 
because smooth forms of K pneumoniae show group agglutmation, confusion 
results when serological testmg only is used for identification 
Biochemical reactions are variable and pathogemcity for mice is unrehable, 
so these critena cannot be relied upon as an aid to identification 
It IS felt that the contribution of K pneumoniae from the respiratory tract 
to the intestmal tract is mmimal and msigmficant, because at low pH values m 
broth as well as m gastric juice K pneumoniae is considerably, and at times 
completely, inhibited 

The ability to identify and differentiate K pneumoniae from A aerogenes and 
E coll culturally is important, yet the cardmal identification by serology can- 
not be discarded There is another factor to consider If the specific serum is 
of good quahty, has a significant titer, and yet fails to react with tjqies A, B, C, 
and D, there still remams the possibihty of a general group X (JuhanneUe), 
which possibihty is comparable to the situation when group IV pneumococcus 
was used as a catchall for a culturally positive pneumococcus that failed to react 
with the 1, 2, and 3 pneumococcus sera then available 

SUMMABT 

From a practical standpomt, there are two possibihties (1) a tentative diag- 
nosis of Klebsiella pneumoniae to be given based on cultural identification only, 
particularly when no specific typmg serum is available, or (2) an umdentified 
gram-negative encapsulated bacillus, sensitive or resistant to streptomycm 
From an academic and bactenological standpomt there should be no choice 
The suspicious organism either types or it does not and remains umdentified 
If bactenologists m the vanous laboratones feel competent to differentiate 
Klebsiella pneumoniae from Aerobacter aerogenes and Escherichia colt, this seems 
the practical procedure to follow If, on the other hand, an umdentified gram- 
negative mucoid encapsulated bacillus is reported, the course of action by the 
physician will probably be the same, with or without exact identification 
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The low mcidence of Klebsiella 'pneumoniae found m the lower bowel of normal 
healthy adults minimizes the problem 
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The publications of Hotchkiss (1948) and McManus (1948) relating to the use 
of periodic acid in detecting polysaccharide structures in fixed tissue prepara- 
tions prompt us to record the results of a similar technique applied to micro- 
organisms The stammg procedure developed independently m this laboratory 
IS essentially the same as that of Hotchkiss with the exception that aqueous 
solutions are used and a reduemg rmse has been found unnecessary 

The stammg of pol 3 ^ccharide structures depends upon the specific oxidizing 
action of sodium periodate toward such chemical configurations as a, /3-glycols, 
of-hydroxy ketones, and related structures (Jackson, 1946) In these configura- 
tions at least one of the oxidation products will be an aldehyde that can be de- 
tected by treatmg the oxidized material with sulfite-decolonzed basic fuchsm 
(Feulgen’s reagent) Those portions of the cell that contam material oxidizable 
by periodate to sueld an aldehyde will thus appear stamed red while the remam- 
der of the cell will remam colorless It can be presumed from our knowledge of 
the specificity of the reactions mvolved that only polysacchande matenal such 
as cellulose, dextrans, levans, starch, glycogen, pectms, and hyaluronic acid will 
be stained m this manner An excellent discussion of the specificity of the re- 
action IS given by Hotchkiss (1948) 

Bacteria to be exammed are fixed either by heat, m Bourn’s solution, or other 
fixative They are then immersed m a 1 per cent aqueous solution of sodium 
metapenodate for 5 to 15 nunutes at room temperature After thorough wash- 
ing with water the preparations are stained for 15 nunutes m sulfite-decolonzed 
basic fuchsm solution (Coleman, 1938) The slides are then washed for 10 
nunutes m sulfur dioxide water ( 5 ml of 10 per cent KjSzOe and 5 ml 0 1 N HCl 
m 100 ml water), finally m water, and dried 

RESULTS AND DISCUSSION 

In applymg this techmque to a variety of orgamsms a number of apparently 
significant structures have been observed None of the structures described 
below are stamable with lodme, nor are they stained with sulfite-decolonzed 
basic fuchsm pnor to periodate oxidation The followmg observations illus- 
trate the results obtamed with this procedure Further work will be necessary 
to identify and determme the significance of many of the structures observed 
Unless otherwise stated, preparations were made on 24-hour cultures of the 
organisms grown on nutrient agar at the optimum temperature for each 
organism 

Saccharomyces cerevisiae (Yeast extract glucose agar ) The surface of the 
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BaczUus cereus peart infusion agar ) In very young cells (2 hour^) the 
cytoplasm is stained lightly and uniformly red, the cell surface is somowhit 
darker At 6 hours the cytoplasm stains more mtensely and numerous smill 
^anules are apparent By 10 hours definite polysaccharide structures In\e 
developed (figure 1) 

Bacillus mycoides (Yeast extract glucose agar, 4-hour culture ) The c\(o- 
plasm IS stamed lightly, the cell surface is somewhat darker Septa across ccll- 
undergomg division are very prominent 

Bacillus sp (Heart infusion agar, 3-hour culture ) Similar in appoannee 
to B myemdes (figure 2) 

Bacillus TfiegaiheTtum Many mtensely stamed red granules are present in an 
unstamed cytoplasm The cell surface is stamed 

Chslndtum sporogenes The cells do not stam 

Myxococcus sp The cells take a very faint uniform stain No structure is 
discermble 


Vtbno sp Young cells (24 hours) are stained uniformly red uith a veri in 
tensely stamed cell surface In older cells (3 to 4 days) no continuous surface 
is visible, the cjdoplasm is not stamed, but many large intensely stained bodies 
(or surface areas) are visible Still older cells (2 weeks) do not stain at all 
Spirillum sp (Ten-day culture ) The cells take only the faintest stam is hen 
oxidized by periodate and treated with Feulgen’s reagent No nail or granules 
are visible However, periodate oxidation exerts a profound effect on the meta 
chromatic (volutm) granules After oxidation with periodate and staining mtli 
methylene blue, no metachromatic granules are visible Instead tiic entire cell 
IS stamed the violet metachromatic color, and the positions once occupied bj 
granules appear as empty spaces 

Corynehactenum diphthenae (Ten-day culture on Loeffler's medium ) The 
cells show only the faintest stam The prominent metachromatic granules show 
the same reaction with periodate that was observed m the spirillum Iho 
granules have apparently dismtegrated and the metachromatic material has 
diffused throughout the cell 

Mycobacterium phlei (Twenty-hour culture on glycerol agar ) The cells arc 
stamed moderately red, with an intensely stained body at each end of the cell 
(Thirty-day culture on glycerol agar ) The cells are stained intensely red with 

the exception of a centrally located vacuole , , ii 

Diplococcus sp (Y east extract, glucose, calcium carbonate broth ) 1 tic cci 

surface and particularly the septa across cells undergoing diiision are stmne^i 


^^pZ^oc^Ls type HI (Yeast extract, glucose, calcium carbonate broth) 
After hydrolysis m 0 2 n HCl at 60 C for 5 mmutes the cells stain uniformlv re- 
l^tt Sdrolysis m 0 2 ^ NaOH at 60 C for 5 nunutes only 
the septa across the cells are apparent and are stamed red Vnhy droh 
show no reaction whatever 
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Figure 1 Bacillus cereus (gro\\ n from spores on heirt infusion agar) oxidized inth sodium 
motaporiodate and stained with sulfite decolorized basic fuclisin (Upper) Two hour old 
cells (Center) Six hour old cells (Lower) Ten hour-old cells Conditions of stain- 
ing and photographic exposure are the same in each preparation Magnification 1,600 X 

It IS appaient that the occuiience and localization of poh saccharide mateiial 
in the bacteiial cell as demonstiated 63"^ this technique aie fai from uniform In 
several of the oiganisms maiked vaiiation of pol3^saccharide structures vath the 
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technique does not necessarily mean the absence of polysaccharide of any type, 
but only the absence of polysaccharide havmg two free adjacent hydroxyl or 
carbonyl groups The discovery of more specific hydrolytic procedures which 
would render substituted polysaccharides reactive toward periodate would be 
most desirable 

It 13 of some interest to consider whether the pronounced surface stam ob- 
served in a variety of organisms is due to polysaccharide components of the cell 
wall or of the cytoplasmic membrane In the case of yeast it is relatively easy 
to rupture the cells during fixation The empty sacs so obtamed stam intensely 
red, indicating that in this instance the cell wall itself contains a large proportion 
of polysaccharide material Plasmolysis experiments with Bacillus cereus in- 
dicate that at least a portion of the obsen'^ed reaction with this organism is due 
to the cell wall, although additional polysaccharide seems to be concentrated 
in the cytoplasmic membrane 
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SUMMARX 

Polysaccharide structures in many bacteria can be detected by oxidizing fixed 
preparations of the cells with sodium metaperiodate followed by stammg with 
sulfite-decolonzed basic fuchsm 

Volutm granules in spirilla and m the diphtheria bacillus appear to dismtegrate 
when the cells are treated with sodium metaperiodate 
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In a streptomycin-susceptible culture of microorganisms never exposed pre- 
viously to streptomycin, three distmet types have been descnbed (Miller and 
Bohnhoff, 1947) One type comprismg the great majority of the cells, is sus- 
ceptible to relatively low concentrations of streptomycin, another, composed of 
relatively few cells, is highly resistant to streptomycm, and the third type, com- 
prismg very few cells, requires streptomycm for its growth 
In a previous report (Yegian and Vanderlmde, 1948) it was shown that the 
number of streptomycm-resistant mycobacteria and the degree of their resistance 
must always be considered m terms of a specific concentration of the drug and 
the size and character of the population bemg analyzed 
Smce the origmal description by Miller and Bohnhoff (1947) of a strain of 
menmgococci that requires streptomycm for its growth, other mvestigators 
(Pame and Fmland, 1948, Kushnick et al , 1947, Ralce, 1948) have isolated 
streptomycm-dependent variants of several species of bacteria includmg an acid- 
fast orgamsm, Mycobacterium ranae (Yegian and Budd, 1948) The purpose of 
this report is to present quantitative data on the occurrence of mutants from 
the streptomycm-dependent strams of M ranae, to describe more accurately the 
ongm of the streptomycm-dependent organisms, and to report the isolation of 
another streptomycm-dependent variant that differs from the one previously 
described In addition we are reportmg the isolation of a variant of strepto- 
mycin-dependent M ranae that wiU grow only in low concentrations of 
streptomycin 


EXPERIMENTAL PROCEDURES AND RESULTS 

The procedure used to isolate the streptomycm-dependent stram of M ranae 
has been described m detail in a previous paper (Yegian and Budd, 1948) The 
primary isolation was accomplished by moculatmg large numbers of strepto- 
mycm-resistant M ranae on a carbohydrate-deficient medium contammg strepto- 
mycm One of the mterestmg characteristics of this streptomycm-dependent 
organism (variant B) was its resistance to bacteriostasis by sulfonamides m 
contrast to the sensitivity to sulfonamides of the origmal parent and strepto- 
mycm-resistant strams Smce the origmal studies of the B variant, we have 
isolated a second streptomycm-dependent variant (variant Bi), which is highly 
sensitive to sulfonaimdes All of the studies reported here concern the 
Bi variant 

We have estimated that the occurrence of discermble streptomycm-dependent 
variants is approximately 1 out of 3 X 10® to 5 X 10® streptomycm-resistant 
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Ongmally many attempts were made to demonstrate the presence of strcnto- 
mycm^ependent variants m the parent streptomycm-susceptible culture? o 
have shown previously (Yegian and Vanderlinde, 1948) that in a large nopit 
iation of cells there are a few naturally occurrmg variants that are able to gro~ 
m the presence of 100 and 1,000 pg of streptom3 on per ml of medium In th<' 
course of our studies more than 200 colonies growing in the presence of 100 o- 
1,000 pg of streptomj^cm per ml have been analyzed to demonstrate the prc^cnco 
of streptomycm-dependent bacteria Thus far no organisms hai e been foiind 
which grow only in the presence of streptomycin e\ en though the 200 coIonic> 
represent resistant organisms obtained from vast numbers of the parent tiT)" 
cells It is evident that the mcidence of streptom3 cin-dependent \amnls i3 
very low 

Initially streptom3’'cm-dependent colonies were isolated on medium containing 
1,000 pg of streptomycm per ml, and it was observed that maximum gronlli 
occurred m hquid medium containmg 100 or more pg of streptom3’cin per ml 
To determine the minimum concentration of streptom3'cin required for growth 
by streptomycm-dependent ilf ranne, a senes of tubes containing liquid “tucen 
80” albumm medium and decreasmg concentrations of streptom} cm was in 
oculated with 0 1 ml each from the undiluted growth m 100 pg of strcplomicm 
per ml After 5 days’ mcubation at 37 C maximal growth was obsen cd in tubes 
containmg 100 or more pg of streptomycin per ml Some growth was noted in 
tubes containmg 50 pg per ml, a little growth m 20 pg per ml, and no growth m 
tubes containmg less than 10 pg per ml (figure l,lmeA) The amount of growth 
was estimated by a turbidimetnc method 

It occurred to us that, by a process of selection, it should be possible to obtain 
orgamsms that would grow well m low concentrations of streptom3Cin Tube-, 
containmg bacteria growing m 20 pg of streptom3 cm per ml were incubated 
further until a good growth was obtamed Orgamsms were then transferred 
from these tubes to others contammg lower concentrations of streptom} cm, and 
after 10 days of mcubation good growth was obtamed By further transfers 
into gradually decreasmg concentrations of streptomycm, some growth was ob 
tamed m 0 05 pg of streptomycm per ml To demonstrate the change in the 
requirement of streptom3mm for the growth of bactena growing m 0 2 Pg of 
streptomycm per ml, tubes of liquid medium contammg concentrations of strep 
tomycm rangmg from 0 to 1,000 pg per ml were moculated with 0 1 ml each from 
the growth m 0 2 pg of streptomycm per ml After 5 da} s’ mcubation at 3< O 
shght growth was noted m 0 05 pg of streptomycm per ml Gradual incrca e 
m amounts of growth were noted with mcreasmg concentrations of strcptorni cm. 
and maximal growth was noted at much lower concentrations than wimn P- 
tena from 100 pg per ml were anal} zed (figure 1, line B) n 

With the hope of obtammg a stable stram grownng in 0 1 pg of v, p 
per ml, a culture growmg m 0 1 pg per ml was transferred ei eo j ; 

medium contammg 0 1 Pg per ml This process was continued fo- 3 nonti 
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determine the stability of the biological characteristics of these organisms An 
analysis of the groi\i;h of this strain of organisms m different concentrations of 
streptomycin is shown graphically in figure 1, line C It ts of interest that no 
growth occurs cither in the absence of streptomycin or in high concentrations of strep- 
tomycin In contrast to lines A and B, line C shows the maximum growth peak 
at relatively low' concentrations of streptomycin The width of curve C is 
further narrowed by using smaller inocula By selection we have obtamed a 
streptomycin-dependent stram w'hose growrth is limited to concentrations of 
streptomycin of less than 50 yg per ml 



Figure 1 The graph shows the results of the analyses of the requirements for strepto- 
mycin of streptomycin-dependent Mycobaclenum ranae, variant Bi Line A shows the 
growth of streptomycin dependent il/ ranae in different concentrations of streptomycin 
Before the analysis this strain was cultured in a medium containing 100 itg of streptomycin 
per ml Line B shows the growth of streptomycin-dependent M ranae in different concen- 
trations of streptomycin This strain was selected to grow well in 0 2 /ig of streptomycin 
per ml prior to the analysis Line C shows the growth of streptomycin-dependent M ranae 
in different concentrations of streptomycin This strain was cultured for 3 months prior 
to the analysis in medium containing 0 1 ng of streptomycin per ml, transfers being made 
into new medium every 6 days No growth occurs in the absence of streptomycin or in the 
presence of more than 60 ng of streptomycin per ml of medium 

The third part of this study concerns the existence of parent-type M ranae 
cells obtained from streptomycm dependent M ranae, and the relation of the 
mcidence of the parent-type cells to the concentrations of streptomycm m which 
the streptomycm-dependent cells are grownng This mutation of parent-t 3 T)e 
cells from streptomycm-dependent cells will be designated “reverse mutation” 
m this paper for convenience, although we are aware that the word may not be 
used m strict accordance with genetic termmology (Luna, 1947) 

Recently Miller and Bohnhoff (1947) have described reverse mutation m their 
studies of streptomycm-dependent menmgococci Further information on the 
study of reverse mutation m bacteria is found m the review by Luna (1947) and 
the papers of Bunting (1940, 1946) and of Bunting and Ingraham (1942) 
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By a proce.^ of seleefaon (see figure 1, Ime A) streptomj cm-dependent .1/ 
ranae straonsjere gro^ m liquid ‘ Wn” albumm medium contammg concen 
IxatiOBS of streptomycm of 100, 1, 0 2, and 0 1 per ml of medium .\ftor the 
d^ed was obtamed, the ceUs were thoroughly washed with isotonic 

sodium chlonde to remove the streptomycm The growth was then suspended 
m isotomc sodium chlonde, and the number of cells per ml was determined h\ 
appropnate methods A senes of plates contaimng plam nutnent glycerol agar 
was moculated with a known number of bactena contained m 1 ml of the re- 
spective suspension After 7 da5"s’ mcubation at 37 C the number of colonies 
growmg m the absence of streptomj'cm was counted, and the results of some of 
the many evpenments performed are presented m table 1 
It IS noted that only a few cells from a large population are capable of gromng 
m the absence of streptomycm Furthermore there appears to be a relation be 
tween the size of the moculum and the number of colonies obtamed Little 
difference is noted between the number of colonies obtamed from streptomj cm- 
dependent cells growmg m 1 /ig of streptomj cm per ml and those growing m 100 
ng per ml, however, it is to be noted that streptomycm-dependent cells grown 
m the low concentrations of streptom3'cm produce significant!}’' more colonies 
when grown on plam medium than do those grown m the higher concentrations 
of streptomycm It should be emphasized that this e'^perunent was repeated 
many times, and the results consistent!}' showed that a few cells 17111 be found 
capable of growmg m the absence of streptomycm 
As mentioned before, the Bi vanant was obtamed from a streptomicm-re 
sistant stram of 3f ranae It was, therefore, of considerable interest to dc- 
termme the identity of these parent-t}'pe bactena that now grov m the absence 
of streptomycm When subcultures of these bactena were made m liquid me 
dium without streptomycm, the growth rate and growth requirements were 
similar to those of the parent streptomycin-susceptible stram Obnoush , the 
next step was to determine the streptomycm sensitivity of this new-t}-pe colon} 
dem ed from the Bi vanant It was found that the inhibition by strcptomi cm 
of these cells was identical with the inhibition of the ongmal parent strain Be- 
cause it was difficult to understand how these streptom} cm-susceptibie cells sur- 
vived m the high concentrations of streptomycin m which the Bi lanant was 
gro-wn, it was suggested that the drug might be actmg as a bactenostatic agent 
and not as a bactencidal agent on these cells Quantitatn e bactericidal studies 
were made of the action of streptom} cm on the multipb-mg cells of the parent 
stram and the streptomycin-sensitive strain obtamed from the Bi 
hlany colomes were studied and the bactencidal action was identical on bom 
t}mes of cells m the different concentrations of streptom} cm used It should ^ 
emphasized that m no instance were colonies of the new-t^-pe cells resistant o 
streptomycm although the Bi variant was demed from streptom} cm-resistant 

^^pSer proof of the sumlant} of the ceUs dem ed from the Bi 1 ^ 
ongmal parent-type cells was obtamed by comparing the mcidence of strep, 
myem-resistantmutants found m these two streptom} cm-sensitn e s ram- 
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of the analyses of the naturally occurrmg forms resistant to different concen- 
trations of streptomycin is shonm m table 2 The results are comparable to a 


TABLE 1 


Incidence of parent-type cells found tn streptomycin-dependent cultures of 
Mycobadenum ranae 
Distribution of colonies among plates 
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NO OF COLONIES GROWING ON EACH PLATE CONTAININCNO 
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previous experiment m which the parent stram was used (Yegian and Vander- 
Imde, 1948) Additional confirmatory evidence that reverse mutation to the 
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pMent-t 3 -pe cell from the Bj -rariant occurs is derived from a comparatuc '^tudi 
of biochemical and serological tests 

On the basis of work by Griffith (1928), Dawson (1930), and A^en clal ( 1914 ) 

on the transformation of pneumococcus t 5 -pes and of the recent work of tburcka 
(1948) and 'Wmner (1948) on the sensitization of pemcilhn-resistant bacteria, we 
attempted to mfluence the mutation rate of the Bi variant to parent-ti-pe ccll=: 
Cultures of Bi variant were moculated on plates of sohd medium containing 
ground cells of the parent stram of M ranae Similarlv, the Bi aariant was 
moculated on plates contammg ground cells of streptomycm-resistant M ranae 
and on plates contammg culture filtrates of either the parent cells or the strep 
tom 3 ’cm-resistant cells TVe were unable to mduce an 3 ’ mcrease m the number 
of parent-t 3 'pe cells obtamed from the Bi variant b 3 ' these methods B\ em- 
plo 3 Tng techmques similar to those of Voureka (1948) and Wmner (194S) we 


TABLE 2 

Aralysis of the resistance to streptomycin of parent-type Mycobacterium ranae obtained fron 

streptomycin-dependent cultures 
Distribution of colonies among plates 



were unable to demonstrate biological changes m the Bi aariant when it was 
grown m the presence of parent cells or streptomycm-resistant cells of .If ranae 
or m the presence of tubercle bacilli or non-acid-fast streptomicm-scnsitne 


bactena , 

There is a significant difference between the growth rate of the Bi lanant ana 
that of the streptom 3 'cm-resistant and parent strams when grown on gh ccro 
nutrient agar (with streptomyem added for growth of the Bi -variant) ^ i-i c 
colonies of the Bi variant appear after 5 to 6 da 3 's’ mcubation at 3/ C, v iierca^ 
the colomes of the other two strams appear wnthm 2 da\s In liquid ‘ tween 
albumm medium the difference m growrth rate is marked, although to a c^- 
degree than with solid medium When the Bi x anant cells and streptonu cin- 
resistant cells are moculated m equal quantities m the same liquid medium c 
SfiTst-rptomycm ppd are n.cubat.d at 37 C un<.l = good grordh . .tot, 
subcultures aremade m tubes contammg fresh medium and cm 

several successive transfers the streptomyem-dependent i anant can no longer 
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1) c u'uhly clclcLlcd Ihis would seem to indiCAte that competition the 
inpidly glowing stieptomycin-iesist mt cells cieates an enviionment imfavoiable 
foi the suivival of the slow ei -gi ow mg stieptomycm-dependent cells 

The moiphological appeal mce of the Bi vaiiant colonies is inteiestmg The 
colonies aie iiiegulaily angulated and have a “heaped-up” appeaiance (figuie 

2) The colonies appeal di and aie cieam-w'hite in coloi These colony chai- 
acteiistics aie m cleai-cut contiast to those of the colonies formed bj”^ the paient 
and stieptomycm-iesistant cells W'hich aie lelativel}’’ flat (figuie 3), iiiegulaily 
lobuhted, pale vellow in coloi, and not so dij'^ in appeaiance as the colonies of 
the Bi vaiiant Theie aie no diffeiences m the celliilai moipholog}’^ of these 
tlnee stiains of 1/ lanac 




Figure 2 (Left) A colonj of the streptom\ cm dependent Mycobacterium ranae, variant 
Bi, growing on gljcerol agar medium containing streptomycin and showing an irregular 
border and “heaped up” appearance 

Figure 3 (Right) A colony of the parent strain of Mycobaclei lum ranae grow mg on plain 
gl 3 cerol agar and showing a regularly lobulated border and a relatively flat appearance 
Both illustrations were taken at a magnification of X 18 

DISCUSSION 

The isolation of a second streptomycin-dependent vaiiant of M ranae has 
been described m this papei This Bi vaiiant was isolated from a stieptomycin- 
lesistant population of M ranae by a method similai to that emploj'^ed m iso- 
lating the oiigmal B variant Reports in the liteiatuie do not cleaily define 
all the possible souices of streptomycin-dependent oigamsms, and, in most 
mstances, the strains w'ere isolated dnectly fiom the paient populations on 
exposuie to stieptomjmin In oui studies wm have showm that streptomycin- 
dependent cells of M ranae aie readily found in stieptomycm-iesistant popu- 
lations, wdiereas we have made numeious unsuccessful attempts to isolate the 
streptomycin-dependent cells from the oiiginal susceptible parent population 

Initially the streptomjicm-dependent cells w^eie isolated and subcultuied in a 
medium containing 1,000 pg of stieptomycin pei ml By a piocess of selection 
cells weie ob tamed that wmuld giow w^ell in small concentiations of strepto- 
myem Figuie 1 repiesents an analysis of the streptomycm lequirements of 
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ce s glowing well only in the highei concentiations of the diiig (hne A) and of 
cells selected to giow well in low concentiations of stieptomycm (hne B) It is 
appdient fiom tliese findings that the oiiginal ciiltuie isolated in media con 
taming 1,000 Rg of stieptomycm pei ml was not homogeneous with lespect to 
ihe lequiiements foi streptomycin of the individual cells in the population 
These vaiiations in the population aie not limited to stieptomycin-dependent 
acid-fast bacteiia, but aie similai to those of stieptomycin-dependent Escherichia 
coll and Pseudomonas aeruginosa (Vandeilmde and Yegian, 1948) 

Stieptomycin-dependent cells capable of giowth in a medium containing 0 1 
fig of streptomjmin per ml were subcultured at fiequent mteivals for a period of 
3 months MHien cells fiom these cultuies weie inoculated into medium con- 
taining diffeient concentrations of stieptomycm, it was observed that no growth 
oecuried eithei in the absence of streptomycin or in the presence of large quan- 
tities of stieptom 5 min This is in maiked contiast to the good giowth noted in 
the high concentiations of the diug prioi to the lepeated subcultuiing of oi- 
ganisms gi ow ing in the low concenti ations Appai entl}'^ w e have obtained by a 
pi ocess of selection cells that lequiie some stieptom 3 ^cm foi glow th but for which 
stieptomj'cin is tovic when piesent m laige quantities These findings may have 
importance m the explanation of the lelation of stieptomycm to the metabolism 
of bacteria 

We have recoided m table 1 the lesults of a studj’' of the occunence of parent- 
tjqie cells deined fiom cultuies of streptomj'cm-dependent cells When me- 
dium containing no stieptomycm was inoculated with sti eptomycm-dependent 
cells growing in dififerent concentiations of stieptom 3 mm, a few colonies were 
consistentl 5 ’’ found capable of giowmg m the absence of streptom 3 mm With 
laige inocula moie colonies gew than w'hen small mocula wmre used More 
colonies weie found gowing m the absence of streptomycm w^hen the inoculum 
contained stieptom 3 "cin-dependent cells fiom cultuies goinng in low' concen- 
trations of streptomycm than w hen the inoculum w as fi om cultures grow'mg m 
1 or more gg of stieptom 3 'cm pei ml MTien mocula weie taken from diffeient 
cultures of stieptomycin-dependent cells that w'ere g owing m the same concen- 
trations of stieptom 3 'cin, maiked vaiiation occuiied m the number of colonies 
growing m the absence of strep tom 3 'cm Appai ently the chaiacter of the m- 
dividual population also was a factoi m detei mining the number of paient-t 3 pe 
cells found m the piedominantly streptom 3 '-cm -dependent culture In detailed 
studies of this susceptible, nondependent vaiiant found m the streptomycin- 
dependent cultures we weie unable to find any difference between the variant 
and the cells of the oiigmal parent population 

Many attempts were made to mduce changes in the number of parent-type 
variants found m the streptomycin-dependent cultures, but none were successtu 
In any case, it is likely that reveise mutation fiom streptomycm-resistan o 
streptomycin-susceptible t3'pe cells is constantly occurring under all condition 
of cultivation of il/ ranae, but that it is possible, foi obvious leasons, to dote 
this reverse mutation only m those populations m which the vast majority of 
cells are not only stieptomycm-resistant but also stieptomycm- epen 
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jMediura containing streptomycin was inoculated ivith approvimately equal 
numbeis of cells of the Bj variant and the streptomyem-resistant strains After 
so\eial successive subcultures were made, an analysis was made of the t 3 q)e 3 of 
cells that had survived, and the Bi valiant cells could not be readily detected 
Apparently competitive action of the rapidly grovong streptomycin-resistant 
cells created an unfavoiablc environment for the survival of the slower-growing 
strcptomj'-cin-dependent cells 
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SEMAtARY 

A second streptomyem-dependent variant, Bi, has been isolated from a strep- 
tomj'’cin-resistant population of Mycohaclentm ranae by a technique sumlar to 
one previously described The Bi variant is sensitive to sulfonamides All at- 
tempts to demonstrate the presence of streptomyem-dependent variants in the 
parent streptomycin-susceptible population were unsuccessful 

By selection strams of the Bi variant were obtamed that would grow well m 
concentrations of streptomycm as low as 0 05 jug per ml FoUowmg repeated 
subculturmg in very low concentrations of streptomycm, a stram was obtained 
that would grow neither in the absence of streptomycm nor m the presence of 
high concentrations of streptomycm 

Parent-tjqie cells were isolated from streptomyem-dependent strams The 
number of parent-tjqie cells found varied wnth the size and character of the 
population and vuth the concentration of streptomycm m which the dependent 
cells were growmg Detailed studies failed to reveal any differences between the 
parent-type cells found m the streptomyem-dependent cultures and the cells of 
the origmal parent population This is believed to be an example of reverse 
mutation Attempts to mduce changes m the mcidence of parent-t 3 q)e cells m 
streptomyem-dependent populations were unsuccessful 

Streptomyem-dependent and streptomycm-resistant cells were grown m the 
same culture and after several successive subcultures the presence of strepto- 
myem-dependent cells could not be readily detected 
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THE INFLUENCE OF HYDROSTATIC PRESSURE ON THE GROWTH 

AND VIABILITY OF TERRESTRIAL AND MARINE BACTERIA* 

CLAUDE E ZoBELL? and FRANK H JOHNSON 
Microbiological Laboratory, Princeton University, Princeton, New Jersey 

Received for publication November 1, 1948 

Although there is abundant evidence that a rich nucroflora exists at the 
bottom of the ocean, in deep oil well brmes, and m other habitats characterized 
by high pressure (cf ZoBell, 1946), no clear understandmg has been reached 
concerning the influence of pressure on the growth, viability, and metabohsm of 
the organisms in such environments The results of older (Certes, 1884a,6,c, 
Regnard, 1884, Certes and Cochin, 1884, Roger, 1895, Krause, 1902, Chlopm 
and Tammann, 1903, Hite, Giddmgs, and Wealcley, 1914, Larson, Hartzell, and 
Diehl, 1918), as well as more recent, studies (cf reviews by Macheboeuf and 
Basset, 1934, Cattell, 1936, Bridgman, 1946) wuth respect to the effects of presure 
on microbial processes m general are not only inadequate but m some cases 
apparently inconsistent Furthermore, before the advent of the theory of ab- 
solute reaction rates m 1935 (Eyrmg, 1935, Glasstone, Laidler, and Eyrmg, 1941) 
no rational basis was available for the mterpretation of the action of pressure on 
chemical reaction rates, and it has been only withm the past several years that 
this theory has been applied to biological reactions m hvmg cells (cf leviews by 
Johnson, 1947, Johnson and Eyrmg, 1948 ) The latter studies have shown that, 
m aU cases, the observed effects of pressure may be profoundly modified by tem- 
perature, a fundamental relationship that had previously remamed almost 
unnoticed 

In 'iuew of these circumstances, we have imdertaken to reinvestigate the prob- 
lem, with special reference to the relation between temperature and the effects 
of hydrostatic pressure, as well as the relation of the natural habitat of the or- 
ganism to the effects observed 

The present report is m the nature of a survey of the mfluence of pressures up 
to 9,000 pounds per square inch (about 600 atmospheres), at different constant 
temperatures, on the growth and viability of representative species of both 
marine and terrestrial bacteria m pure culture, initially in the logarithmic growth 
phase Extensive quantitative data are necessary for kmetic analyses of the 
pressure effects and will be made the subject of later mvestigations, as will, like- 
wise, the significance of certam biological and other factors, such as the specific 
physiology of the organism, growth phase, composition of the medium, and so 
forth 

* Aided by grants from the American Cancer Society through the Committee on Growth 
and from the American Petroleum Institute 

^ Visiting lecturer and Rockefeller Foundation Fellow, Princeton University Perma- 
nent address Scripps Institution of Oceanography, University of Calif orma. La Jolla, Cali- 
fornia 
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METHODS 

Flasks of glucose nutrient broth for aerobes and facultative anaerobes, or of 
ram-heart infusion containmg 0 3 per cent agar for obligate anaerobes, were 
inoculated from cultures in the late logarithmic grovrth phase For marine bac 
teria, the culture medium was made m natural sea water, filtered through filter 
paper The flasks were incubated for 3 or 3 hours to ensure a loganthnuc rate 
of reproduction at the start of the experiment Stenle test tubes, size 10 by 50 
mm, were then filled with aliquot portions of these cultures and were closed by 
sterile vaccine bottle rubber stoppers, of the type whose cap could be folded over 
the neck of the tube and held firmly m place by tightly wound rubber bands 
Contammation was thus effectively prevented, while hydrostatic pressure was 
readily transmitted through the rubber stopper The moculated tubes ivere 
placed m a steel pressure chamber (Johnson and Lewm, 1946a) filled with water 
at the desired temperature Pressure was then applied to the entire system by 
means of a connectmg hydraulic pump, and the chamber immersed in a constant 
temperature water bath Control cultures, correspondmg m every way to those 
under mcreased pressure, were immersed m the same water bath for mcubation 
at normal pressure The influence of different pressures or temperatures was 
generally studied simultaneously by employing several pressure chambers In 
all cases the experiments were repeated sufficiently to make certain of the re- 
producibility of the results 


HESTOTS 


At 30 C, a temperature generally favorable for the development of diverse 
terrestrial species whose “optimum” temperatures are not all the same, visible 
turbidity failed to develop m broth cultures of any of over 30 species mcubated 
under a pressure of 600 atmospheres, and growth was visibly less at 400 atmos 
pheres than at normal pressure Moreover, cultures of most of the species were 
sterilized within 48 hours imder 600 atmospheres at 30 C, and some by only 400 
atmospheres, as shown by their failure to develop followmg decompression The 
data for representative species of bacteria and yeasts are summarized in table 1 
Yeasts appear to be more senstive, in general, than bacteria to pressure, although 
the opposite has been previously reported (Chlopin and Tammann, 1903) 

Plate counts (table 2) showed that viability was, m some cases, much more 
profoundly affected than was evident from the degree of visible turbidity (table 
1 ) Thus, after 48 hours under 300 atmospheres, cultures of A Ikaligenes viscom 
and Proteus vulgans, which had grown to a marked turbidity, contamed less t an 
100 viable cells per ml The data show clearly that, m addition to retarding me 
rate of reproduction, pressure under these conditions accelerates the rate oi 


‘^^tLb results are evidently attributable to a dmect effect of Pf f 
mcubation, rather than to factors associated with the 
Thus although the accumulation of carbon dioxide dunng growt 
ejected to ,Bflusnce the rettdts to soms 
dioxide was undoubtedly formed and remamed in solution in cultur 
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veloped abundantly under 300 atmospheres than m those that failed to grow at 
higher hydrostatic pressures 0\ygen may be ruled out as a critical factor for 
the aerobes, since all tubes contained the same amount of oxygen at the start 

TABLE 1 

ihtUiplt cation or destruction of terrestrial microorganisms after hours’ incubation at SOC 

at different hydrostatic pressures 

(Plus signs show the degree of turbiditj relative to the control culture at one atmosphere 
and a minus sign denotes no apparent multiplication A “d” indicates that the culture 
had lost its ability to multiply following decompression ) 


HyDBOSTAnC PBESSDKE IN ATMOSPHERES 


COLTHEE 


Alkaligenes viscosus ^ 

Bacillus alvei 
Bacillus brevis 
Bacillus cereus 
Bacillus circulans 
Bacillus megatherium 
Bacillus mesentericus 
Bacillus mycoides 
Bacillus subtilis 
Clostridium chauvei 
Clostridium histolyticum 
Clostridium putreficum 
Clostridium seplicum 
Clostridium sporogenes 
Clostridium welchit 
Escherichia colt 
Micrococcus lysodeikticus 
Mycobacterium phlei 
Mycobacterium smegmatis 
Proteus vulgaris 
Pseudomonas Jluorescens 
Sarcina lutea 
Serraiia marcescens 
Staphylococcus albus 
Staphylococcus aureus 
Streptococcus lactis 
Hansenula anomala 
Saccharomyces cerevisiae 
Saccharomyces ellipsoideus 
Schtzosaccharomyces octosporus 
Sporobolomyces salmonicolor 
Torula cremoris 
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With regard to anaerobes, no sigmficant amount of oxygen diffused through the 
rubber stopper closure to retard growth, as was shown by the absence of ap- 
preciable recolorization of methylene blue solutions that had been partially re- 
duced at the start by hydrosulfite, then incubated under conditions similar to 
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cultures ^le suddenness with which cultures were compressed or 
compressed, during short exposures to high pressures, was shown by plate 
counts to have no appreciable effect on viability ^ 

In general, tables 1 and 2 would indicate that the various species are more 
sensitive to pressure than would be expected according to previous reports to 
the effect that, under some conditions, terrestrial bacteria can withstand pressures 
ot 10 to 50 times those that we find retard multiphcation or actually kill (Chlopm 
and Tar^aim, 1903, Hite, Giddmgs, and Weakley, 1914, Larson, Hartaell, and 
Diehl, 1918, Basset and Macheboeuf, 1932) A number of causes may be re- 
sponsible for such apparent discrepancies In any event, the mfluence of tem- 
perature as a factor in the net effect of pressure is of special sigmficance 


TABLE 2 

Plate count of nutrient broth shortly after inoculation and after 48 hours' incubation at 30 C 


at various hydrostatic pressures 



IKiriAL 

cotmx 

PIATE eOTOT PEI m, APTEE 48 HOtlKS AT 

1 atm 

300 atm 

400 atm 

500 atm 

600 atm 

Alkaligenes vtscosus 

700 

160,000,000 

<100 

<100 

<10 

0 

Bacillus cercus 

1,600 

40,000,000 

650,000 

700 

<100 

0 

Bacillus circulans 

20,000 

11,000,000 

880,000 

265,000 

200 

20 

Bacillus mesentericus 

1,900 

21,000,000 

230,000 

60,000 

10 

0 

Bacillus mycotdes 

2,250 

2,000,000 

160,000 

114,000 

700 

0 

Bacillus subtihs 

1,600 

14,000,000 

600,000 

42,000 

30 

8 

Proteus vulgaris 

2,600 

142,000,000 

<100 

<100 

<10 

0 

Pseudomonas fiuorescens 

10,000 

95,000,000 

21,000,000 

5,000,000 

810 

80 

Sarcina lutea 

4,700 

36,000,000 

67,000 

22,000 

400 

12 

Serralia marcescens 

300 

64,000,000 

<100 

<100 

<10 

0 

Staphylococcus albus 

4,400 

77,000,000 

80,000,000 

57,000 

700 

350 

Staphylococcus aureus 

800 

156,000,000 

174,000,000 

9,000 

0 

0 

Streptococcus lactis 

4,000 

273,000,000 

149,000,000 

70,000,000 

160,000 

18,000 


In studying the relation of the pressure effect to temperature, experiments 
with a majority of the species listed in table 1 were repeated at 20 C, 30 C, and 
40 C, for periods of 4, 2, and 1 days’ mcubation, respectively. All cultures de- 
veloped well at normal pressure, but the influence of mcreased pressure was 
strongly dependent upon the temperature of mcubation, as shown by the results 
summarized m table 3 Most of the species faded to develop visible turbidity 
under 300 atmospheres at 20 O, yet the same orgamsms grew abundantly under 
the same pressure at 40 C Furthermore, although none of the cultures de- 
veloped visibly at either 20 C or 30 C under 600 atmospheres, at least four species 
{Bacillus meseniencus, Bacillus subtilis, Escherichia colt, and Streptococcus lacks) 
grew fairly well under this pressure at 40 C Thus, within the range ® ® 

peratures that permit cultures to develop at normal pressure, the growth-retard- 
mg effects of increased pressure are diminished at the higher temperatures ® 

same relation has been reported m connection with the rate of growt ® 
in synthetic medium durmg short periods of the early loganthmic phase {lohnsoa 

and Lewm, 19466) 
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Marine bacteria indicate the same general relation between temperature and 
the effects of pressure, with a somewhat greater resistance to pressure on the- 
whole (table 4) In addition, there is a correlation between the sources from 
which these species were isolated and their ability to grow under pressure Thus,, 
the lummous bacteria {Achromobacter fischen, Achromobacter harveyi, and Photo- 
bactenum splendidum), as well as other species (Achromobacterihalassius, Bacillus 
cirroflagellosns, Micrococcus infimus. Pseudomonas pleomorpha and Vibrio hy- 
phalus) obtamed at or near the surface of the ocean, tend to resemble the ter- 
restial organisms in their response to pressure On the other hand, some species. 
Bacillus siibmarinus and Bacillus thalassoLoiies, m particular, isolated from 


TABLE 3 

Relative lurhidily of cultures in nutrient medium after four days’ incubation at 20 C, two days 
at 30, or one day at JjO C at different hydrostatic pressures 
All cultures listed below showed four-plus (-1— 1— 1-+) growth in the controls incubated at 

normal pressure 


AllaUsena CKcoiua 
BacUlut brevti 
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Clostndium bi/ermentani 
Closlndium chauvei 
Clostndtum hxstoXytxcum 
Clo&indxum pulrefieum 
Closlndtum septiaim 
Clostrtdtum tporogenes 
Clostridium welchu 
Escherichia coU 
Myccbaclertum phlei 
Mycobacterium smcgmatis 
Pseudomonas fiuorescens 
Sarcina lutca 
Staphylococcus albus 
Staphylococcus aureus 
Streptococcus lactis 
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depths where the pressure approximates 500 atmospheres, grewprolifically under 
600 atmospheres at 30 C as well as at 40 C and were obviously more resistant to 
the effects of 400 and 500 atmospheres than the terrestrial bacteria Mixed 
microflora, from mud freshly collected from the sea floor at depths up to 12,000 
feet, multiplied abundantly at all pressures and temperatures that were studied 
Growth in some cases was more rapid imder 400 to 600 atmospheres than at 
normal pressure To these facts we can add the observation that certam sulfate- 
reduemg bacteria, isolated from oil well brmes several thousand feet below the 
earth’s surface, are metabolically more active when compressed at 400 to 600 
atmospheres than at 1 atmosphere The ability to grow and carry on metabo- 
lism as well or better under increased pressure would seem to justify coinmg the 
word barophilic to characterize such orgamsms 









TABLE 4 

Relative iurhidily caused by the multiplication of marine bacteria in nuirienl broth for six days at 20 C, four days at SO C, or one day at 40 C at 
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All the pure cultures listed m table 4 had been maintained at atmosphenc 
pressure for several years, most of the time at around 4 C, pnor to the expen- 
ments described, yet the barophilic properties of the deep-sea organisms were 
not lost This provides evidence of a genetic character, m adaptation to the 
high pressure of the habitat, as one might expect from general considerations 
At the same time, however, it must be emphasized that the total effects of pres- 
sure are likely m all cases to depend upon the temperature, and a complete pic- 
ture IS obtamable only after exhaustive studies of the reciprocal relationships of 
both factors Data concemmg Pseudomonas xanthochrus (table 4) provide a 
strikmg illustration At 40 C no growth was apparent at normal pressure, but 
cultures grew at 400 and 500 atmospheres U nder these conditions. Pseudomonas 
xanthochrus noight be regarded as an obhgate barophile At 20 C, however, al- 
though it grew under as much as 600 atmospheres, growth was more abundant 
under lower pressures, mcludmg atmospheric Lower temperatures remain to 
be studied, and it is difficult to predict whether evidence of barophilism will then 
be found, but it is reasonable to expect that the sensitivity of this, as well as 
other species, to pressure will be more pronounced as the temperature is decreased 
Likewise, it remains to be seen whether there exist m nature any bacterial species 
that normally require high pressures for growth 

DISCUSSION 

Although the results of this study confirm those of previous mvestigations m 
showing that, under given conditions, vanous species of teirestnal bactena ex- 
hibit a considerable range m sensitivity to the effects of pressure, they mdicate 
that broth cultures m the logarithmic phase are generally more susceptible to 
the growth-retardmg and disinfectmg action of pressure than was formerly appre- 
ciated The influence of temperature as a factor modifying the effects of pres- 
sure has been shown by present data to be of considerable importance, and may 
account m part for apparent discrepancies between these and previously reported 
results Moreover, on the basis of the more recent studies of the pressure-tem- 
perature relationships of microbial enzyme activity (Johnson, Brown, and 
Marsland 1942, Brown, Johnson, and Marsland, 1942, Johnson, Eyrmg, and 
Williams, 1942, Johnson, Eyrmg, Steblay, Chaplm, Huber, and Gherardi, 1945, 
Johnson, Kauzmann, and Gensler, 1948), denaturation of proteins (Johnson and 
Campbell, 1946, Johnson, Baylor, and Fraser, 1948), and related phenomena 
some specific mechamsms, among the numerous and mcompletely known com- 
plex of reactions concerned m growth and ^^ablhty, may be postulated as con- 
t, rollin g factors m the influence of pressure Bnefly, they are as follows 

First, it IS evident that the action of pressure, under the conditions of the 
present experiments, is directly on chemical reactions rate processes and equi- 
hbria No significant change m concentrations of reactants resulted from the 
apphcation of pressure, per se, to the purely hquid systems, i e , systems with- 
out any considerable gas phase The effects of pressure that are ob- 
served through changes m sol-gel systems, oxidation-reduction potentials, solu- 
bility, dissociation, enzyme reactions, etc , at given concentrations of reactants 
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^end upon the molecular volume change accompanymg the limiting reaction 
Where large molecules are concerned, asm biological systems, the volimechanee 
IS frequently large, of the order of 60 to 100 cm* per mol, and the influence of 
pressures amounting to only 500 or 600 atmospheres is therefore pronounced 
In growng cells over considerable penods of time, both the internal and extra 
cellular chemical environments undergo many changes, and it is not possible m 
the present stage of knoivledge to single out any one or two Iimitmg reactions 
whose modification by pressure would account for the total result It is possible, 
however, to point to certam fundamental actions of pressure, particularly on 
enz 3 Tiie systems and protoplasmic gels, that parallel the results obtamed with 
grovdih and viability Thus, it has been shown that oxidative enzyme reactions, 
such as luminescence, proceed with a large volume increase of activation At 
temperatures below the normal optimum, a pressure of 500 atmospheres greatly 
retards the reaction by opposing the molecular volume increase At higher tem- 
peratures, and most noticeably above the optimum, the critical enz)me under- 
goes a reversible denaturation that proceeds with an even larger volume increase 
of reaction At these temperatures, the net effect of pressure is to increase the 
rate of the reaction by reversing the denaturation of the enzyme to a greater 
extent than opposing the catalytic reaction At mteimediate temperatures, the 
net effect is also mtermediate, for pressure acts on two simultaneous reactions 
with opposite results on the observed phenomena In lummescence, the effects 
of pressure are m the same direction as cooling, and the same trend is apparent 
m the present data on growth Thus, pressure is more effective at the low tem- 
peratures, as further coohng would be at normal pressure Also, at temperatures 
too high for growth (Psevdomonas xanthochrus) at normal pressure, the spphca- 
tion of pressure permits growth to take place Pressure has also been shown to 
retard the irreversible thermal denaturation of protems, and this, too, might be 
expected to contnbute an aid to viability under pressure at relatively high 
temperatures 

The disinfecting action of pressure is less readily explamed Cells might be 
expected to lose their viabihfcy, however, when their energy-yieldmg reactions 
are sufficiently retarded, and by opposing such reactions, pressure might be 
expected to accelerate death Irreversible changes under pressure have also 
been noted m protoplasmic gels (Marsland, 1942), another possible factor in- 
volved m the kiUmg action of pressure 

In undertakmg to account for species differences m susceptibihty to pressure, 
two important relationships must be taken mto account 

In the first place, the reciprocal relationship between temperature and tbe 
effects of pressure is conditioned by the specific temperature characteristics of t e 
system of organism concerned For psychrophihc organisms, the oenebcis 
effects of pressure might be expected to occur at lower temperatures than mt 
mesophihc species, and the retardmg effects at much lower 4 

though the volume changes were tbe same m the reactions affected Fo^ 
mopSc organisms, on the other hand, it is reasonable to expect that pre^r 
wilf act strongly against growth and viabihty at ordinary temperatures, bu 
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very high temperatures, above their normally high optimum, pressure will 
enable growth to occur as well as help to preserve viability Thus, deep oil 
veil brmes at high temperatures are not unlikely to yield “obligate barophiles ” 

In the second place, there is a possibihty that the organisms livmg m deep-sea 
muds and other habitats under high pressures have become genetically so 
adapted to their environments that metabohc reactions occur through mecha- 
nisms mvolvmg no appreciable volume mcrease, or even mvolvmg a significant 
volume decrease of activation In this event, pressure would either have little 
effect or actually favor their activities Although experimental methods and 
the theoretical basis are available, the whole field remams very largely to be ex- 
plored Practical as well as fundamentally sigmficant consequences can be 
expected to result from future mvestigations on the action of hydrostatic pres- 
sure 

The authors are pleased to acknowledge their mdebtedness to Jean S ZoBell 
for her assistance in carrymg out the experiments 

SUMMARY 

Representative species of mesophihc terrestrial bactena and yeasts of the 
genera Allahgenes, Bacillus, Closlndium, Escherichia, Micrococcus, Mycobac- 
terium, Proteus, Pseudomonas, Sarcina, Scrraiia, Staphylococcus, Streptococcus, 
Hansenula, Saccharomyces, Schieosaccharomyces, Spordbolomyces, and Torula were 
studied m regard to the action of hydrostatic pressure on the development of 
pure cultures, mitially m the loganthmic growth phase m broth Species of the 
genera Achromobacter, BaaUus, Flavobactenum, Micrococcus, Photobactenum, 
Pseudomonas, and Vibno, isolated from the sea at vanous depths, were similarly 
studied In both cases, the mfluence of temperature (by incubatmg at 20, 30, 
and 40 C) on the effects of pressure was mvestigated 

At 30 C, the terrestnal organisms developed abundantly withm 48 hours at 
normal pressure, but none multiplied perceptibly under 600 atmospheres, and 
failure to grow after decompression showed that some had been sterihzed by this 
pressure during the period of mcubation Growth of most terrestnal organisms 
was visibly retarded by a hydrostatic pressure of 400 atmospheres and plate 
counts mdicated that growth was slower and death faster at only 300 atmospheres 
than at normal pressure 

The marme species, particularly Bacillus submannus and Bacillus thalas- 
sokoites, which were isolated from depths where the pressure approximates 500 
atmospheres, grew readily under 600 atmospheres at both 30 and 40 C m the 
laboratory Mixed microflora from muds of the same depths apparently grew 
faster under pressure The term “barophihc” is mtroduced to characterize 
species whose growth or metabolism is favored by pressure Other species from 
near the surface of the sea were intermediate, or more nearly resembled terres- 
trial bactena m their sensitivity to pressure In one case {Pseudomonas xan- 
throchrus) cultures developed under 400 to 600 atmospheres at 40 C, a tempera- 
ture too ^gh for growth of the culture at normal pressure The same pressures 
retarded growth at lower temperatures 
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The i^uence of pressure on pure cultures in all cases depended upon the 
temperature In general, lower temperatures markedly accentuated the growth 
retarding and Jsmfectmg effects of pressure Conversely, at higher tempera 
tures, the net effect of pressure was less pronounced, or in some cases acted m the 
dmection of opposing the unfavorable effects on growth and viability caused by 
the high temperature 
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Although avian spii oclietosis has been endemic m many paits of the noild 
foi seveial decades, it has only lecentlj'^ been positively identified in Noith 
Ameiica (Hoffman, Jackson, and Rucker, 1946, Hoffman and Jackson, 1946) 
Waid and Gallaghei (1920) and Kaupp (1922) stated that some workers have 
suspected its piesence in the United States, but no positive diagnoses veie made 
Buiioughs (1947) repoited the fiist findmg of this spnochete in ticks m the 
United States when he discovered that specimens of Argas persicus sent to him 
fiom Texas veie mfected The disease is caused by Borreha anserina (Spiro- 
chaeta ansenna), vhich vas first described from geese in the Caucasus by 
Sakharoff in 1891 Marchoux and Salimbem (1903) m Biazil nere the fiist to 
repoit a natural outbreak in fouls and also to incrimmate Aigas persicus as the 
arthiopod vectoi Smee then it has been lepoited as a major cause of moitahty 
in fowl in many parts of the uorld Recent revieus of the literature aie given 
by Knowles, Das Gupta, and Basu (1932), Reis and Nobrega (1936), Sieeni- 
vasan and Sankaranarayan (1945), and El-Daidny (1945) I&iowles, Das 
Gupta, and Basu (1932) give an excellent levieu of 180 papeis coveimg the peiiod 
of 1891-1931 Stavitsky (1948) gives a good general discussion of the three 
geneia of pathogenic spirochetes 

Since the disease has onty recently been lepoited in this country, and smee 
there are only casual references in the literature to its natural occurrence in 
turkeys previous to the accounts of Hoffman ei al (1946), it seemed advisable to 
conduct experiments with this strain in turkeys This papei leports the lesults 
of these experiments as u ell as a histoiical discussion of the disease and studies on 
a second field outbreak in turkeys 

DESCRIPTION OF THE ORGANISM 

Sakharoff (1891) first described the oiganism from the blood of geese suffermg 
from a severe febrile disease m the Caucasus His oiigmal description mcludes 
a photomicrograph which shous about six spirals, but does not give measuie- 
ments of length Repoits m the literature of the length have varied from 6 to 
30 p, and there is wide variation m the same bird, due to division stages Hm- 
shaw and McNeil (1946) leported an average of 14 p (7 to 21 p) vnth six spirals 
(figuie 1) The organism is motile, stams leadily mth aniline dj^es (in contrast 
to Leptospira and Treponema), and is soluble m 10 pei cent ox bile and 10 pei 
cent saponm At crisis the spirochetes are m large clumps and are often gianu- 
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lar (figure 2) Borrelia ansenna also differs hoir^Treponema m having loose, 
lather than tight, coils and in the ease noth which it can be stained It differs 
from Leptospira m havmg looser coils and m the absence of a terminal hook as 
A\ ell as m ease of stammg It is most easily diagnosed from blood smears but 
may also be found m sections of almost any tissue In the tissues it is best 
demonstrated by some method of silver impregnation, such as that of Levaditi, 
01 by the sloiv method of Giemsa 

Among its vanous synonyms are Spirochaeta galhnarum, Treponema anscri 
num, Spirochaeta ansenna, and Spirochaeta anatis The 1948 edition of Bcrgey's 
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the spiiocliele Htssor (194G) lepoited the use of egg albumin and seium in 
meat extiact bioth Sieemvasan and Sankaranaiayan (1945) found that 
infected citiated blood could be stored at 0 C foi 3 Meeks and then inoculated 
into chickens Manj"- MOikeis piefei to maintain the spiiochetes in the tick 
Aigas persiciis In an aiea nlieie the disease is not j’^et endemic, one hesitates 
to use this method IvnoMles, Das Gupta, and Basu (1932) Meie able to gioM 
the spiiochetes in embiyonated, but not m mfeitile, eggs The}’' quote otheis 
mIio have had the same lesults In most cases the infection is sufficiently acute 
to kill the embijms befoie they hatch We have had similar lesults uith both 



Figure 2 Borreha ansenna, show mg clumping in the late stage of the disease X 1,200 


chicken and turkey eggs Attempts Meie made by us to lyophilize infected 
blood, but the spirochetes did not remam viable, at 20 F blood lemamed infec- 
tive foi 8 days 

In oui laboiatory M’e have mamtamed tM'o stiains by serial passage thiough 
chicks every 5 days It is of interest to note that vhen M’e first acquiied the 
oigamsm from a subacute outbieak m turkeys it killed 35 per cent of the first 
63 chicks used over a period of 6 Meeks After 2 yeais’ passage m chicks it kills 
about 85 pel cent The greatest number of days on Mhich Me have found the 
blood of a chick to contain spiiochetes is 17, the aveiage is 7 days 

EPIDEMIOLOGY 

Smce its origmal report from the Caucasus, avian spiiochetosis has been le- 
ported as a majoi cause of moitality m buds in North and South Africa, India, 
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> }m, Palestine, Tuikey, the Balkan states, Gieece, most of continental EuropD 
Java, Brazil, and Argentina ICnoivles, Das Gupta, and Bali’ 
(1932) and Lesbouj^ries (1941) give reviews of its distribution and report natmal 
outbieaks m chickens, geese, turkeys, ducks, giouse, and canaries The folJou 
mg authois mention its occurrence m tuikeys but give no exact data Mezinesm 
and Calinescu (1909), Romania, Yakimoff (1916), Russia, El-Dardiry (1945), 
*g}'pt The following birds have been expeiimen tally mfected by various 
workeis ciows, myna birds, commos, capucms, turtle doves, pigeons, guinea 
foul, paitridges, magpies, laiks, and sparrous Pigeons and gumea fowl are 
rather lesistant to the mfection Young rabbits have been mfected bj^ intra 
peritoneal moculation (Levaditi and Lange, 1905), but the mfection was tran 
sitoi}' Climbmg perch, geckoes, frogs, toads, squirrels, gumea pigs, mice, dogs, 
monkeys, and mules resisted mfection, showmg that it is truly an avian type of 
spirochete 

The disease is most often tiansmitted by Argas perstcus (adults, n}Tnphs, and 
eggs) IGioiiles el al (1932) found spiiochetes throughout the tissues of the 
tick They obtamed a highei percentage of infection by feedmg ticks to chickens 
than thi ough the bite of the tick There have been confiictmg reports concerning 
transmission by Ormthodorus and Ixodes ticks Apparently the ticks raaj 
haibor the mfection for many daj^s, but it is questionable uhether they often 
tiansmit it to foul Hungerford and Halt (1937) report transmission by the 
mite Dermanyssus galhnae Smce both mfected and healthy birds ueie kept in 
the same cage, it cannot be certam that the mite was the transmitting agent 
Zuelzei (1930) states that mites retam the mfection for only 1 oi 2 days and can 
onlj’’ be mechanical tiansmitters, not I’^ectors On the other hand, she offered 
convincmg evidence that Cider mosquitoes may be true vectors By use of the 
piecipitm test she proved the piesence of foul’s blood m the mosquitoes in an 
infected aiea YTien the mosquitoes ueie allowed to bite unmfected foul, the 
latter became mfected Kapur (1940) failed to obtam transmission with Aedcs 
mosquitoes He uas able to obtam tiansmission by smearmg mfected blood on 
the bieast and comb of chickens, as ueie also Sreenivasan and Sankaianarayan 
(1945) The lattei uoikers were able to demonstrate transmission by cohabi 
tation ATo ticks, mites, or lice uere present on the ranches mvolved in the 
California outbreaks 

In chickens the mcubation peiiod vanes from 3 to 8 days There is usual ) 
a marked inciease m temperatuie to 1 10 F oi highez The blood sugar may drop 
to 90 mg pel cent The birds become listless and often assume a crouching 
position There is a greenish diairhea, and paralysis of the umgs or legs may 
occur At autopsy the spleen is mottled and may be enlarged to six times 
noimal size The hver often shous peripheral necrotic aieas Mortalitj is 
high m both young and adult birds 

THE DISEASE IN TUBKEIS 

Most of the experimental work uas done mth turkey strain I, 
isolated by Dr H A Hoffman m 1945 from the first authentic outbreak of 
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spirochetosis in the United States (Hoffman, Jackson, and Rucker, 1946) The 
strain was given to the writers for further study to prove its identity as Borreha 
anaemia Both chicks and turkeys were used m the first part of the work 
Routes of infection It was found that, as in chicks, the intravenous, intra- 
muscular, and subcutaneous routes were the three which, m the order given, 
gave the shortest incubation times and greatest mortality It has also been 
possible to establish infection m 6-day-old poults by nasal, oral, and mtraorbital 
routes All poults died within 10 days Three-week-old poults moculated 
orally, rectally, mtraorbitally, nasally, and subcutaneously with stram II showed 
50 per cent mortality in the first four groups, 100 per cent m the subcutaneously 
inoculated group, and no mfection by nasal inoculation Five-week-oId poults 
became infected in 48 hours follonong mtraorbital and rectal inoculation but 
aborted the infection by the fourth day Poults of the same age moculated 
subcutaneously with the same stram died Chicks have been mfected by all 
the foregomg routes with the same stram Both poults and chicks have also 
been mfected by mtraperitoneal moculation of macerated spleen and liver tissue 
of mfected birds 

Adult turkeys have been moculated by oral, mtravenous, mtramuscular, and 
intrapentoneal routes They showed a rise m temperature m 24 to 48 hours 
and reached a peak (sometimes 111 F) m 3 to 5 days Spirochetes appeared m 
the blood m 24 to 72 hours (table 1) Fourteen- to 16-week-old turkeys were 
also mfected by mtramuscular, mtravenous, and subcutaneous routes 

Course of the disease Poults Poults (1 to 3 weeks old) usually received 
mtramuscular or subcutaneous moculations of 0 1 to 0 2 ml of infected blood 
Spirochetes appeared m the blood m 24 to 48 hours The mortality resultmg 
from such moculations was 90 to 100 per cent 
Half-grown turkeys (10 to 16 weeks of age) If moculated subcutaneously a 
nse m temperature usually occurred withm 24 hours with a peak on the third, 
fourth, or fifth day Spirochetes seldom appeared m the blood before 48 hours 
The symptoms observed m adult birds (listlessness, bile-stamed droppmgs, and 
diarrhea) were also m this age group The mortality ranged from 60 to 100 
per cent 

Adult turkeys Four 7-month-old turkeys (3 females and 1 male) were mocu- 
lated with 1 ml of citrated blood as follows male, mtraperitoneally, 2 females, 
intravenously, and 1 female, mtramuscularly The male showed a nse m tem- 
perature m 24 hours, and spirochetes first appeared m the blood m 48 hours 
Definite symptoms appeared m 72 hours, when a peak of 109 2 F was reached 
The bird died on the seventh day followmg moculation, it had lost 1,000 grams 
(one-sixth of its origmal weight) m this time Yellow urates and bile-stamed 
feces were abundant, and there was partial paralysis of the legs and wmgs 
One mtravenously moculated bird showed a nse m temperature m 24 hours, 
■noth the appearance of spirochetes m 24 hours, and a peak of 110 F on the fifth 
day Bile-stamed droppmgs were present on the third day By the seventh 
day, the temperature had returned to normal, but the bird was droopy and had 
a profuse diarrhea Spirochetes were found m the blood for 4 days 
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The othei niti avenously inoculated bud shoued an mciease in tempeiature 
iiid spnoclietes in the blood in 24 houis and a peak of 109 8 F on the fifth day, 
u ith a loss in weight of 750 giams The blood smeais were negative on the fifth 
day and maiked impiovement was noted from the sixth day Spiiochetes vere 
found in the blood foi 4 days 

The mtiamuscularly inoculated biid showed a use m tempeiatuie m 48 hours, 
vith a peak of 109 4 F on the fouith day, and spirochetes m the blood on the 
thud daj' Spirochetes vere found m the blood foi 4 days Symptoms weie 
fiist obmous on the fouith day, and by the twelfth day the bird had lost one- 
fifth of its oiiginal weight of 11 6 kilogiams On the eleventh day the bird was 
listless and the hock joints ivere mvolved At the end of 6 weeks it had legamed 
most of its V eight 

Tuo adult chickens vere inoculated at this time vuth the same amount of 
blood The one that v as moculated mtravenously died, and the one moculated 
mtramusculaily lecovered 

Autopsy findings Poults At autopsy the liver vas swollen and often had 
petechial hemorrhages, the heart ivas usually noimal The spleen was pale, 
mottled, and always two to three times its nonnal size, the kidneys veie often 
pale and swollen The most pathognomonic findmg is the appeal ance of the 
spleen 

Half-grown turkeys At this age petechial hemorrhages weie occasionally 
present m the ciop There was often fibrinous pericaiditis with coionary and 
subepicardial petechiae The liver was enlarged, congested, sometimes mottled, 
and with albummous degeneration Peripheral infaicts were occasionally pres- 
ent, but not as consistently as repoited foi chickens The spleen vas almost 
always enlarged two to three times and mottled The kidneys showed albumm- 
ous degeneiation and ecchymoses, the meters iveie usually full of yellowish 
uiates Catarihal enteritis was generally present Other lesions found occa- 
sionally mcluded hemorrhagic duodenitis, ulceiation at the junction of the 
proventriculus and gizzard, and petechiae m the omentum and seiosa 

Adult twkeys The breast muscles were often congested The heart often 
showed fibrinous pei icarditis The livers were often studded with small abscesses, 
but peiipheral necrotic areas were not so pionounced as m chickens The spleen 
vas almost always enlarged and showed the same characteristic mottlmg seen 
m other age groups (figure 3) The ovary was often congested or even hemor- 
rhagic The mtestmes showed a greenish, mucoid enteritis, marked congestion 
of the duodenum, and bile-stamed contents, which m the rectum were whitish 
to yellowish green because of excessive uiates 

HISTOPATHOLOGY 

The characteristic structure of the spleen was not lost The reticular cells 
were mcreased m number and size They presented a foamy appearance due 
to the mgestion of hpoid material The centers of the groups of reticular cells 
underwent hj^almization at times Massive areas of hemorrhage v ere present 
(figure 4) This was the result of the rupture of the v alls of vems and smusoids 



The endothelial colle lining these structures iierc snollen and niescnl„l d 
foamy appearance seen m the primitae ict.cular cells The dii 
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Figure l^ Section of spleen tissue shouing massive are is of htmorrhago X 150 

tissue i\as undergoing lapid growth The tells consisted of young large- and 
medium-sized lymphocytes and hemocytoblasts Numerous mitotie figures were 
present In poults spirochetes occurred m foci throughout the spleen hut di 
not appear to have been phagocytized by the reticular cells 
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The livei showed congestion and an mciease in tlie peiiportal lymphoid de- 
posits The cells of these deposits consisted of lymphocytes in all stages, 
hemocytoblasts, and large phagocytic cells with vacuolated cytoplasm Various 
stages of eijdhiopoesis weie present The endothelial cells Iming the sinusoids 
weic swollen and vacuolated The paiench 5 Tnal cells showed various degrees 
of fatty degeneration Silvei stains sliow'ed the majoiity of the spirochetes to 
be in the inteicellulai spaces and in the bile capillaries Those wathin the hepatic 
cells under went fragmentation or coiled upon themselves to form small rmgs 



Figure 5 Section of lung tissue showing congestion and edema X 350 


The lungs showed generalized congestion and edema (figure 5) The endo- 
thelial cells of the capillaries contained excess blood pigment Some endo- 
thelial cells had hj^iertiophied so as to occlude the lumen of the vessel Their 
cytoplasm w^as vacuolated, givmg a foamy appearance Small foci of hyalme 
necrosis were present throughout The lymphoid nodules showed hemorrhage 
and hyperplasia 

The kidneys show^ed marked congestion and some hemorrhage The glomeruli 
and convoluted tubules appeared normal There ivas marked degeneration and 
desquamation wuth hyaline casts m the collecting tubules The interstitial tissue 
show^ed Ijunphocytic infiltration No spirochetes could be demonstrated m the 
kidney of the adults outside of the laigei blood vessels In poults spirochetes 
could be found m the mtercellulai spaces and m the lumens of the tubules 



200 


[voL 57 


E AIcNEIL, W R BrNSHAAV, AND R E KISSLING 


The myocardial fibers presented a vacuolated appearance In some areas 
this ivas so pronounced as to obliterate the cross striations Spirochetes did not 
mvade the heart tissue 

The seminiferous tubules appeared unaffected The mterstitial cells Mere 
large and filled with lipoid The most striking feature was a promment lymplio 
cytic mfiltration aiound the blood vessels The ovaiy showed congestion and 
hemorrhage 


The mtestmes showed a marked degree of catarrhal enteritis The lymphoid 
follicles m the submucosa were hypertrophied and there vas a generalized 
lymphocytic infiltration of the submucosa The tips of some of the villi Mere 
necrotic The most severe mjury occurred in the jejunum The pancreas ap 
peared normal except for slight vacuohzation of the secretmg cells 

The ceiebnim and medulla showed a perivascular gliosis The meninges 
shoved a lymphocytic mfiltration 

Survival of organism in tissues Poults and chicks that had succumbed to 
the disease v ere stored at 32 F for varying periods of time and then thav ed and 
autopsied The spleen, liver, and heart were macerated and mjected mtra 
peritoneally into young chicks and poults Tissues stored at this temperature 
contained viable, mfective spirochetes for 31 days Blood stored at 20 F for 8 
days was still infective 

Cross-infeclion studies Two adult silver pheasants were moculated m ith 0 2 
ml of infected blood, one mtramuscularly and one intravenousl}’’ Both became 
mfected and died 5 to 6 days after moculation Both showed lesions topical of 
spirochetosis m chickens and turkeys Two lambs, two adult rabbits, thiee 
rats, and three fence lizards v ere inoculated, but none became infected 


IMiMUNITY AND CHEMOTHBBAPI 


In chickens the disease produces an immunity for at least 13 months (El 
Dardiry, 1945) One adult turkey m our experiments that had recovered from 
the disease was remoculated twice during 18 months and was immune both 
times When tested by the agglutmation test usmg both a formalized and a 
mei thiolated antigen, it had a titer of 1 320 A hyperimmunized chicken shoM cd 
the same titer strength This was considerably higher than m naturally re 
covered birds 

Cross-unmunity tests vere conducted vuth the two strams, usmg reciprocal 
serum-organism combmations, as ivell as organisms alone as a control The 
results mdicate that stram I, vhich had been isolated in 1945, was slightly more 
antigenic than stram II, which was isolated m 1947 The stram I seram Mas 
obtamed from a hyperimmunized turkey and gave better protection than tha 
obtamed from stram II from a naturally recovered bird This ivould m ica e 
a definite advantage in pioducmg hyperimmunized sera vhen such mettio s 


prophylaxis are used (El-Dardiiy, 1945) , , , ninod 

In some parts of the vorld vaccmes are made from mfected tissues a 
Nobrega and Reis (1941) obtained good results vith a vaccine j 

bo-OMtecl chicken eggs moculated on the la elfth day of 
5 days later They suggest this as a more economical method of prep 
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Some of the turkey poults exposed orally, nasally, rectally, and intraorbitally 
to mfected blood showed no organisms m their blood but proved resistant to 
subsequent challenge ICnowles et al (1932) report the presence of spirochetes 
in wmg papillae when they were absent m the larger wmg vems 
Unmoculated control poults left m contact ivith the infected ones have some- 
times also proved resistant to subsequent inoculation The only explanation 
that occurs to us is that these birds may have eaten an immunizin g dose of 
spirochetes shed by pen mates This would tend to confirm the results of 
Sieenivasan and Sankaranarayan (1945) 

Birds treated mth peniciUm or streptomycm were resistant to subsequent 
inoculation 

El-Dardiry (1945) summarized the lesults of drug treatment In general 
many of the arsemcals (salvarsan, myosalvarsan, “spirocid,” and atoxyl) gave 
satisfactory results Arrhenal (sodium methylarsonate) was not effective 
None of the suKonamides tested by him (sulfanilamide, sulfathiazole, sulfa- 
pyndine, and sulfadiazme) gave any beneficial results The lot of peniciUm used 
by him was not effective, but there is reason to beheve that the lot was defective 
Nobrega and Bueno (1945) reported the successful use of pemcilhn for spiro- 
chetosis m adult chickens when given at the rate of 10,000 units m 5 doses at 
3-hour mtervals In 1946 they found that although 5,000 umts per kilogram 
was sufficient to cure spirochetosis m adult chickens, a total of 20,000 umts per 
kilogram was not sufficient for baby chicks The drug was admimstrated as 
before m 5 doses at 3-hour intervals They beheve this to be due to the fact 
that no antibodies were yet built up in the baby chicks 

Pemcilhn ® We have had successful results with the use of pemcilhn for this 
disease in turkeys, both m the experimentally produced cases and m one field 
outbreak These trials are given below 

Experiment 1 Eighteen 3-month-old turkeys were moculated mtravenously 
with 0 2 ml infected blood Forty-eight hours later all showed an increase m 
temperature and spirochetes m the blood stream Twelve received 10,000 umts 
of pemcilhn (Merck) intramuscularly and six were left as controls Of the 12, 
SIX received an additional 10,000 units the next day Five of the 6 control birds 
died, and only 1 of the 12 treated birds This bu:d was m cnsis at the time of 
the first treatment and should have been treated 24 hours earher 

Experiment 2 The two purposes of this experiment with 3§-month-old 
turkeys were to (1) find out whether the calcium and sodium salts of penicillm 
were of equal value and (2) to find the effective dosage There appeared to be 
no difference between the sodium and calcium salts The birds receivmg 20,000, 
15,000, or 10,000 umts responded to treatment, and blood smears were negative 
m 24 hours Of the two birds receivmg 5,000 units, one responded m 24 hours, 
but the other had a positive blood smear for 3 days, was sick for a week, and lost 
weight Under field conditions it would probably not have survived Both 
birds receivmg 2,000 units as well as the three untreated controls died It is 
obvious that 10,000 umts is the mmimum effective dose 

’ The penicillin and streptomycin used m these experiments were furnished by Dr D F 
Green, Merck and Company 
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Four of the nine 6-week-oId turkeys received 10,000 units of 
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u ^ ^legative The five controls aU had spiro 

chetes atthis time and were sick for several days Again under field conditions 
tour of the five controls probably would not have survived The results of the 
use of penicillm m the field will be given later m this paper 
Streptomyan Heilman (1945) reported fairly successful use of streptomycin 
m Borrelia novyt mfections in mice, although not so successful as with penicillin 
The followmg experiment shows that about the same results were obtamed m 
avian spirochetosis 

Four 1-month-old poults were inoculated subcutaneously Tvso developed 
heavy mfections and two a mild infection All received 15,000 units (micro- 
grams) of streptomycin (Merck) intramuscularly One of the four died, and 
two of four untreated controls having the same degrees of infection died 
Of the arsenieals, only two were tested, neoarsphenamme and mapharsen 
N eoarsphenamine A smgle mtramuscular treatment of 10 mg per kilogram 
or 20 mg per kilogram freed S^-montb-old turkeys of spirochetes within 48 hours, 
the untreated controls all died 

Mapharsen A smgle intramuscular treatment of 5 mg per kilogram was 
effective agamst the spirochetes m 24 hours When given at the rate of 12 5 rag 
per lalogram m the drinking water for 40 hours, both infected brads died An 
uninfected control m the same cage appeared unaffected by the treatment 
Smce there has been some doubt as to whether the arsenieals eliminated the 
spirochetes from all tissues, spleens and brams from the treated brads were re 
moved 1 week after treatment, macerated, and inoculated into chicks All 
chicks remamed negative except one that had received bram tissue from a bird 
treated with 5 mg per kilogram of mapharsen It developed a typical case of 
the disease 

DESCRIPTION OF FIELD OUTBREAK, 1947 (STRAIN n) 

In January, 1947, the second outbreak of avian spirochetosis in turkeys in 
California was diagnosed by us This outbreak occurred on a ranch m the San 
Joaqum Valley, and was about 200 miles south of the onginal one 
The flock m which the organism was found consisted of 6,000 breeder turkeys 
and was one of four large groups of birds owned by one grower All groups were 
withm one mile of one another No ticks, mites, or hce were found on the 
premises at any time A culicine mosquito (Culez tarsalis) winters over m tba 
area and is knoivn to attack hvestock It is also known that migratory water- 
fowl had been present in a temporary pond near the turkeys 3 weeks before 
outbreak occurred and had remamed about a week Cranes, ^ 

pelicans, and ducks were recognized, and coots and herons were feeding m 
the turkey yards Quail and pheasants had also been abundant m the area, 
tot Sto ~en ^the yarfs du™g the outbreak Blackbuds ato came .» 
large numbers to feed with the turkeys each morning and evening 

V,s,ts were made by at least oue of us each week for a perrod of 3 month, to 



1949] 


BORREIjIA anserina infection in turkeys 


203 


study this outbreak Almost all birds that died were autopsied by us, and treat- 
ment was given under our supervision Durmg the first 16 days of the outbreak 
the morbidity was about 20 per cent and the mortahty about 2 per cent 
The autopsy findings were sumlar to the most acute experimentally produced 
cases The livers were often studded with minute abscesses, penpheral necrosis 
was an occasional but not a constant findmg, the kidneys were swollen, and the 
spleens were enlarged and mottled Fibrinous pericarditis and congestion of 
the ovaries were often found A greenish-yellow mucoid ententis was constant 
The highest temperature found w'as 109 4 F, with 108 to 108 4 F more common 
Some infected birds sat m a pengumlike position, others became wholly or par- 
tially paralyzed The temperatures of normal birds m the same fiock vaned 
from 103 8 F to 106 4 F, wuth 104 to 105 F as most common 

Treatment with penicilhn w'as started January 29 At this time the disease 
was confined almost entirely to the hens Each mommg and evenmg the at- 
tendants picked out all birds that appeared subnormal These were given 10,000 
units of penicilhn mtramuscularly and placed m a separate “hospital” pen 
When they had recovered, they were put back wuth the mam flock Smce the 
legs had been marked wuth yellow pamt, it was possible to tell whether the birds 
relapsed after treatment Veiy few treated birds did relapse Samples taken 
on a hmited number of birds mdicated that about 80 per cent of the birds became 
negative withm 18 hours after treatment 
Smce blackbirds were present m large numbers, blood smears were made from 
125 of them taken on the infected ranches, but no spirochetes were present 
Zuelzer (1936) reported transmission of spirochetes by cuhcme mosquitoes As 
stated before, there were large numbers of mosquitoes present m this area, and 
circumstantial evidence pomts to the possibihty of the mtroduction of infection 
by them Bile-stamed droppmgs from infected birds from this outbreak were 
fed to poults kept under laboratory conditions The birds developed infection 
after 5 days 

By March 13 (6 weeks after the origmal diagnosis had been made) spirochetes 
were also found m two of the other flocks The morbidity (over a 3-month 
period) m one of them was 381 per 3,600 or 11 per cent, the mortahty was only 
1 bird out of 2,400 The lower mordibity and mortahty m these two flocks was 
perhaps due to awareness of the danger of transmission, and a diagnosis was 
made almost as soon as infection appeared, with immediate mstigation of treat- 
ment 

Between 40,000 and 50,000 poults hatched from this flock were available to 
us for observation, as well as hatchmg records At no time was there evidence 
of egg transnussion of the spirochete, nor was hatchability lowered There has 
been no recurrence of the disease on this ranch to date (September, 1948) 

DISCUSSION 

To clarify the use of the genenc name, Borreha, as used m the 1948 edition of 
Bergey’s Manual of Determinative Bacteriology, a brief discussion is mcluded here 
The order Spirochaetales mcludes flexuous spiral forms with at least one complete 
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^ 7 f r Sptrochaeimeae and Treponematame 

The latter includes the forms having no definite protoplasmic struSure Of the 
three genera in this family, Borreha includes the fonns that stain readily with 
andme dyes as contrasted to Treponema and Leptospira, which stain with diffi 
cutty except with Giemsa or sdver impregnation The spirochete from fowl 
stams readily with ordmaiy anilme dyes and does not have a terminal hook and 
therefore falls in the genus Borreha ’ 

The form described by Stemhaus and Hughes (1947) is smaUer, more tightly 
coiled, IS referred to by them as often bemg “mere granules,” and caused no 
mortality m chicks Through the courtesy of Dr Stemhaus v e examined some 
of his preparations and found them to be very different from the spirochete dis 
cussed by us It remmds one of the spirochetes described from chickens by 
Harris (1930) She gives an excellent historical review and then describes three 
types found in the ceca of chickens Penetration of the mtestmal epithelium 
was demonstrated, and spirochetes were also found m sections of the kidney of 
one bird It seems reasonable to suggest that, smce eggs are often penetrated 
hy organisms of the mtestmal tract, these spirochetes might occasionally pene 
trate and multiply withm the egg If penetration of the kidney is possible, 
penetration of the liver is likewise conceivable 
There is no doubt that the spirochete found m turkeys m Cahfomia is Borreha 
ansenna The lesions produced in chickens are identical with those descnbed 
m detail by many authors The morphology, mcrease of temperature, and 
mcubation penods also correspond with those found elsewhere m chickens The 
virulence of the stram I was mcreased by senal passage m chicks Both labora- 
tory and field observations lead us to agree with El-Dardiry (1945) that adult 
turkeys are more resistant than chickens In breedmg flocks it is not, as yet, of 
great economic importance m this country If it should be mtroduced into 
poults, it would probably cause severe losses 
Theie is one important difference m the epidemiology of the outbreal^s m 
California No ticks, hce, nor mites were present at any time It is possible 
that mosqmtoes mtroduced the mfection, but close observations m the field 
mdicate that other methods of transmission, such as mgestion of blood by can- 
nibalistic habits and mgestion of feces, play an important part m the dissemma 
tion of the disease 

In our laboratory transmission studies, m which equal amoimts of inocuia 
were used, no differences in sex susceptibility were observed It was found that 
a much higher percentage of females than males were mfected in the field out- 
breaks described m this paper One could hypothesize that males might trans- 
mit the mfection from female to female mechanically by the mating process 
This IS based on the fact that it was possible to infect poults by feeding tbem 

bile-stamed feces from this outbreak , , 

A single dose of 10,000 units of pemcillm has proved to be both an eife 
and an economical method of treatment for turkeys m this coimtiy It ^ ai 
one that growers find possible to admmister under fann ® 

are removed from the flock each mommg, given an injection of pen , 

placed in separate pens 
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SUJQtARY 

Two strains of spirochetes, isolated from two outbreaks m turkeys m Cali- 
fornia, have been studied over a penod of 2 years They are the first strams of 
avian spirochetosis reported m North America From morphological studies, 
as well as from animal moculation experiments, they have been identified as 
Borreha ansenna 

Turkey poults have been infected by oral, mtraorbital, nasal, rectal, mtra- 
peritoneal, mtramuscular, and subcutaneous routes They have also been m- 
fected by mgestion of bile-stamed feces from a field outbreak 

The spirochetes will survive m the tissues of birds stored at 32 F for 31 days 
The enlarged, mottled spleen (2 to 4 tunes normal size) and the greenish mu- 
coid ententis are pathognomonic of this disease m turkeys, although a positive 
diagnosis depends on findmg the organisms m the blood or tissues Histopatho- 
logical studies are reported in the text 

The mortality produced by these strams m young chickens and m turkey 
poults corresponds to that reported m chickens from other parts of the world 
The mortahty m older birds is lower, although morbidity may be high 
The morbidity m the field outbreak m adult turkeys reported m this paper 
varied m different pens from 5 to 20 per cent 

Cross-mfection experiments proved chickens, turkeys, and pheasants to be 
susceptible, and rabbits, rats, lambs, and lizards to be resistant to mfection 
No ticks, hce, or mites were found m either of the field outbreaks, nor have 
they been present at any tune m the laboratory experiments Mosquitoes were 
present at the tune of the second field outbreak and may have mtroduced the 
infection from migratory birds Blood smears from 125 blackbirds killed m 
infected yards were negative for spirochetes 
Agglutmms are produced by this spirochete 

Penicillm proved effective m a smgle dose of 10,000 units when given mtra- 
muscularly to infected birds from 6 weeks to 12 months of age Streptomycm 
did not prove to be effective Neoarsphenamme and mapharsen were no more 
effective than penicillin 
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Caniaurea maculosa, the spotted knapweed, is a common wild plant, aqueous 
extracts of which demonstrate antibactenal activity agamst gram-positive and 
gram-negative bacteria Of 13 species of Centaurea screened for antibacterial 
activity by Osborn (1943), only three yielded extracts that were inhibitorj’- to 
the growth of Staphylococcus aureus and none was active agamst Escherichia 
coh Our C maculosa show ed, by cup-plate tests, even greater activity agamst 
Salmonella paratyphi A than agamst S aureus Several horticultural vaneties 
of Centaurea cyanus showed no activity 
The substance responsible for the activity has been isolated as a neutral, 
colorless, crystallme, bitter compound of tentative molecular formula, CmHjsO; 
Chemically the substance belongs to the group of unsaturated lactone antibi- 
otics It IS m general slightly more active agamst gram-negative than gram- 
positi\e bactena Neutral solutions of cysteme or thioglycolate rapidly mac- 
tivate the antibiotic and the compound belongs to the class of antimicrobial 
agents that may act by bmdmg essential sulfhydryl groups m the microorganism 
(Cavallito et al , 1945) The reaction with thioglycolate -SH places it m the 
category of nonspecific -SH inhibitors (Cavalhto, 1946), diffenng from penicilhn 

I I 

and streptomycm, which require specifically the NHj — C — C — SH gioup for 

I I 

mactivation This would mdicate that the compound might be expected to 
belong to the type of antibiotic that mduces little or no resistance development 
m bactena (Klimek et al , 1948) Experiment showed this to be so 

EXPERIMENTAL PROCEDURES AOT RESULTS 
Isolation of antibiotic Quahtative cup-plate tests with aqueous extracts of 
vanous parts of the plant showed the antibiotic activity to be predommantly 
associated with the leaves and flowenng tops One kilogram of dned leaves of 
Centaurea maculosa was ground to a powder, placed m a cloth sack m a large 
Soxhlet-type extractor and extracted with ethyl ether After 10 to 15 hours’ 
extraction the ether solution was concentrated to approximately 500 ml, an equal 
volume of petroleum ether was added, and the mixture was allowed to stand 
overnight This first ether extract contamed most of the chlorophyll, and the 
antibiotic that separated was contaminated wnth chlorophyll and required several 
purifications Fresh ether was added to the Soxhlet apparatus and the extrac- 
tion contmued for at least 20 more hours, dunng which time almost pure anti- 
biotic ciystallized from the ether extract This ether extract was agam concen- 
trated and diluted wnth petroleum ether to precipitate more antibiotic 

The crude antibiotic was recrystaUized from two to four times, imtil free of 
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ch orophyll, according to the following procedure Crude antibiotic was dissolved 
m a small volume of dioxane and filtered clear of insoluble matter To the clear 
filtrate (containmg approximately 10 to 15 grams solid material in 75 to 100 ml 
of dioxane) were added about 300 ml of toluene at 90 to 100 C Dark material 
that separated was removed by decantation or filtration of the solution, and the 
clear extract was refrigerated overnight Clusters of needles separated from 
the solution A second crop of crystals was obtamed from the mother liquor 
by the addition of petroleum ether The crystals were purified from dioxane 
toluene solutions until colorless needles were produced Yields of antibiotic of 
up to 1 5 per cent of the dry leaf weight have been obtamed 
Physical and chemical properties of the antibiotic The colorless needles do not 
show a sharp meltmg pomt upon gradual heatmg, but if fresh samples are added 
to a hot stage, the compound fuses at 140 C and solidifies immediately to a hard 
glass The antibiotic is at least 5 per cent soluble m ethanol, acetone, dioxane, 
or propylene glycol, approximately 2 per cent soluble m ethyl acetate, 0 9 per 
cent m chloroform or water, 0 15 per cent m ethyl ether, and is practically in 
soluble m benzene, toluene, or hexane The compound is optically active, 
Wd* = +129'’ (10 mg per ml ethanol) Ultraviolet absorption spectra show 
only end absorption, with 2 at X240 = 2,400 and at X270 = 220 
Analyses showed C, 63 38 per cent, H, 6 81 per cent, and no other elements 
than oxygen A ciyoscopic determination m dioxane mdicated a molecular 
weight of approximately 385 A compound CzoHjeO? of molecular weight 378 
would have C, 63 48 per cent, H, 6 92 per cent 
Treatment of an alcohol-water solution of the antibiotic with an excess of 0 1 
N sodium hydroxide solution for 15 mmutes at 30 C followed by back titration 
to neutrahty with standard acid demonstrated liberation by the alkali of 2 acid 
groups from the origmal neutral compound Alkali treatment at 100 C similarly 
liberated only 2 acid groups The antibiotic thus contains two lactone or readily 
hydrolyzable ester groups 

Catalytic hydrogenation of the antibiotic m dioxane at 25 C with a platmum 
catalyst and 40 pounds of hydrogen superpressure resulted m the absorption of 
4 moles of hydrogen withm 1 hour with the formation of an amorphous product 
that analyzed as a desoxyhexahydro denvative, C 20 H 32 O 6 Calculated C, 
65 19, H, 8 76 Found C, 64 88 , H, 8 65 The hydrogenation product con- 
tamed only one lactone and no free carboxyl group 

The antibiotic yielded a 5 rs-p-nitrobenzoate upon treatment with p nitro- 
benzoyl chloride m pyridme, demonstratmg the presence of two hydroxyl 
m the molecule The amorphous derivative, mp, dec > 

follows C, 60 71, H, 4 86 , N, 3 84 Calculated for CsiHajOi^^s C, 60 
H 4 77 N, 414 No methoxyl groups are present The antibiotic reac 
with 4 oxygen equivalents m the usual periodate oxidation, indicatmg the pre:= 
ence of adjacent hydroxyl or carbonyl groups, or both 

The antibiotic reacted readily with bromine in chloroform or dioxane .dot 

Back titration of excess bromme with ^lum the 

excess of standard bromme solution with the antibiotic at 2 
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absorption of 1 mole of bromine by the compound m less than 1 mmute and 
between 5 and 6 atoms after 30 mmutes An unstable brommation product 
■was isolated which appeared to be a pentabromide, the addition of 2 moles and 
substitution by 1 mole of bromme would yield CjoHjBOTBre Calculated Br, 
51 3, found, 50 2 The antibiotic contams at least two double bonds and per- 
haps a readily replaceable hydrogen Treatment of the antibiotic with Hanus 
solution resulted m absorption of 1 5 moles of lodme bromide, mdicatmg the 
possible presence of an isolated double bond and an enol-aldehyde (or enol- 
ketone) lactone group (Cavalhto and Haskell, 1946) 


TABLE 1 

Antibacterial action* of Centaurea maculosa antibiotic 


OSGAN15U 

CONC iia/lSL 
FSODUCING BAG 
TERIOSTASIS 

OEGANISlf 

CONC PRODUCING 
BACTEBZOSTASIS 




mg/ml 

E coll 71 

mEBM 

E typhosa Hopkins 

0 06 

E coll Michigan 


P bovisepticus 

0 2 

E coll 86-N 


P aeruginosa 

0 2 

E coll 4157 

BIB 

K pneumoniae 

0 15 

P vulgans 

BIB 

S aureus 209P 

0 15 

P morgani 

BIB 

S aureus 209 PmTh 

0 05 

A aerogenes 

BSH 

S pyogenes C203 

0 05 

Alcaligenes faecalis 


S pyogenes 68C 

0 15 

S aertryke 


S faecalis lOCl 

0 25 

S paratyphi 

0 06 

S lutea 

0 15 

S typhimunum 

0 09 

B sublilis S8 

0 15 

S enteritidis 

0 06 

C perfringens 

0 5 

S dysentenae 

0 025 



S paradysenteriae Flexner 

0 06 




* Bactericidal levels showed little variation and were of the order of 0 25 mg per ml 


Zinc dust distillation of the antibiotic yielded a small amount of a hydrocarbon 
that appeared to be identical with that reported from similar treatment of the 
Arctium minus antibiotic (Cavalhto and Kirchner, 1947) 

No crystaUine denvative could be obtamed upon treatment of the antibiotic 
with pnmaiy ammes, dimtrophenylhydrazme or semicarbazme 

Antibacterial and other biological 'properties The antibiotic was put mto solu- 
tion m pH 7 0 phosphate buffer and sterihzed by filtration through an ultrafine 
smtered glass filter Sufficient antibiotic solution was added to senes of tubes 
contammg nutnent broth to give the concentrations reported m table 1 The 
tubes were then moculated with 1 ml of a 1 1,000 dilution of an 18-hour broth 
culture of the test organism, the final volume m each tube bemg 5 ml The 
tubes were mcubated for 18 to 20 hours at 37 C and exammed for the presence 
or absence of visible growth The end pomt vas taken as the least amount of 
antibiotic which prevented visible growth after 18 to 20 hours’ mcubation 
Bactericidal activity of the antibiotic was determmed by subcultunng 0 1 ml of 
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the tubes showing no growth at 18 hours into 9 ml of sterile beef ettraot broth 
and mcubatmg for 20 hours Absence of growth was taken as indicating a bac 
tencidal concentration of the antibiotic The bactenostatic action of the anti 
biotic agent is shown m table 1 

It IS of mterest to note that this antibiotic, unlike the vast majonty, is, m 
general, more active agamst gram-negative than gram-positive organisms 
The medium m which the bacteriostatic action of the antibiotic is determined 
has an effect on its activity, as is shown m table 2 The orgamsm used m these 
experiments was a culture of Salmonella paratyphi that had been adapted to grow 
well m Long’s synthetic medium The pH of the media was 7 0 
Since the greatest antibacterial activity is displayed by the compound in a 
synthetic medium, this was chosen as the menstruum for determining the effect 
of pH on the bactenostatic action of the antibiotic Long’s medium was pre- 


TABLE 2 


Effect of medium on bactenosiasis of Salmonella paratyphi 


COSCENTRATIOS Or 
ANTIBIOTIC 

T D A BBOIH 

TXYPTOSE PHOSPHATE 
BSOTE 

logo’s smiHEiic jiEDnni 

tng/ml 

1 0 

0 

0 

0 

0 75 

0 

0 

0 

0 5 

0 

0 

0 

0 25 

0 

0 

! 0 

0 1 

0 

+-l-f+ 

0 

0 075 

0 

-f+++ 

0 

0 05 

0 

H — 1 — 

0 

0 025 

++++ 

-) — 1 — i — b 

0* 

0 00 

-f—!— h-f" 

++++ 

++++ 


* See table 3 for end point m Long’s medium 


pared m a large volume, ahquots were removed, and the pH was adjusted to 5 5, 
6 0, 6 5, and 7 0 (final) The test orgamsm was S paratyphi The results are 

summarized m table 3 , j . i, a t n 

Tests reported by Dr E W Dennis of these laboratones mdicated the 

of the antibiotic m mice to be 112 mg per kg (mtravenous, in solution), 22 mg 
per kg (mtrapentoneal, suspended m gelatin), and 775 mg per kg (ora , m g 
tm) A marked local edema occurred at the site of mjection ° ^ 

or oral, medication was ineffective m protectmg mice infected with Brucei 

melitensis (Kohner stram) 

DISCUSSION 

A eompanson of tie ant.baetenal action of the Cmlaurea 
solubdit/properties ™th tee of other — ' “Lt 

mg generaheation Those antibiotic agents that are f 

gram-positive bacteria (and often tag.) am much more soluble m lipop 
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than hydrophilic media, whereas those antibacterial agents that are moderately 
water-soluble are more apt to be inhibitory to both gram-positive and gram- 
negative organisms Limitmg the discussion to compounds that are neither 
bases nor carboxyhc acids, an arbitrary division on the basis of 0 5 per cent 
solubility m water yields the followmg two groups protoanemonm, clavacm, 
hexenolactone, a-methylene butyrolactone, and the Centaurea antibiotic are 
more than 0 5 per cent soluble m water, those possessmg a smaller degree of 
water solubihty mclude ghotoxin, plumbagm, crepm, allyl isothiocyanate, di- 
coumarol, actinomycm, chlorophj^U, and the prmciples of Arctium and Asarum 

TABLE 3 


Effect of pE on antibacterial activity against Salmonella paratyphi 


CONCENTRATION 07 


LONQ*S SYNTHETIC MEDIUM AT pH 


AN flHlUIlC 

70 

65 

60 

55 

me/ml 

0 25 

0 

0 

0 

0 

0 19 

0 

0 

0 

0 

0 125 

0 

0 

0 

0 

0 06 

0 

0 

0 

0 

0 025 

0 

0 

0 

0 

0 019 

0 

0 

0 

0 

0 0125 

0 

0 

0 

0 

0 009 

0 

0 

0 

0 

0 006 

0 

0 

0 

0 

0 004 

± 

0 

0 

0 

0 0025 

++ 

0 

0 

0 

0 0019 

+++ 

+ 

0 

0 

0 00125 

+++ 

-1-1- 

-b 

0 

0 0009 

+++ 

-1-f 

-b-b 

0 

0 0006 

++++ 

-b-f-b 

-b-b 


0 0004 

++++ 

-b-b-b 

-b-b+ 

-b-b 

0 000 

H — 1 — 1 — h 

-b-b-b-b 

-b-b-b-b 

-b-b-b-b 


The first group contams compounds that are approximately equally active agamst 
gram-positive and gram-negative bacteria The other group generally shows 
far more pronounced antibacterial action agamst the gram-positive organisms 
The synthetic alkyl thiolsulfinates (Small, Bailey, and Cavallito, 1947) well 
illustrate the generahzation These compounds present a senes of antimicrobial 
agents possessmg a constant functional group with alkyl side chams of mcreasmg 
length and hpophihc properties The qiecificity of these compounds, msofar as 
gram-positive organisms are concerned, mcreases with the length of the cham 
It IS thus evident from the data on antibactenal action already available m 
the literature that the more hpophihc antibiotics (m general less soluble than 
0 5 per cent m water) are much more active agamst the gram-positive than gram- 
negative bactena Staphylococcus aureus and Clostridium perfnngens, m gen 
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eral, show a marked mcrease m sensitivity with an increase in lipophilic proper 
ties of antibiotics, Streptococcus pyogenes shows less change 
The sensitivity of the two strains of Staphylococcus aureus to the Centaurea 
antibiotic is of more than passing interest S aureus 209P is the standard 
penicilhn assay Staphylococcus, its sensitivity is m line with the other gram 
positive organisms S aureus 209 P«,Tm is a stram of 209P, adapted to grow 
m the presence of 4 mg per ml of penicillm This organism shows an altered 
morphology and is gram-negative (Klimek, Cavallito, and Bailey, 1948) Its 
sensitivity to the Centaurea antibiotic is three times that of the parent stram 
and IS of the same order as most of the gram-negative organisms tested 
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SUMMARY 


The spotted knapweed, Centaurea maculosa, yields approximately 1 5 per cent 
of an antibiotic, CsoHseO?, from the dry leaves The agent is an unsaturated 
lactone, inhibitoiy to the growth of both gram-positive and gram-negative bac 
tena The activity is rapidly destroyed by cysteme or thioglycolate Some 
correlations are made between hpophilic properties of antibiotics and activity 
agamst gram-positive bactena 
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The study of Bacillus larvae (White) and the disease of honeybees engendered 
by it has been retarded by the failure of the microorganism to form more than a 
few endospores when grown on artificial media The production of endospores 
m this species is important because spores alone are capable of transmitting 
American foulbrood (Tarr, 1937) and because spores of this organism have been 
shown to be the source of a promismg antibiotic effective agamst the tubercle 
bacillus and members of the Brucella group m artificial culture (Holst, 1945) 

The low percentage of sporulation on laboratoiy media is unexpected masmuch 
as large numbers of spores are formed m infected bee larvae In fact, it is diffi- 
cult to find the vegetative stage of B larvae m honeybee larvae dead of American 
foulbrood It thus appears that factors present m the bee larvae but not m 
usual laboratoiy media mduce spore formation Such factors may be physical, 
environmental, nutntional, or combmations of these and others The addition 
of crushed bee larvae to nutnent agar has been shown to mcrease spore forma- 
tion by B larvae (White, 1907, Tarr, 1937) This indicates that the active 
sporulation-mducmg agent may be a nutntional factor 

Such a nutritional factor could either be produced by the larvae or be present 
m their food The foulbrood microorganisms are beheved to gam entry to the 
bee larvae orally and then to develop extensively m the ahmentary canal with a 
subsequent high production of spores (Sturtevant, 1924) Therefore, it was 
considered more likely that a nutntive factor for sporulation of the microorgan- 
ism would be present m the food of the larvae Smee pollen is one of the prm- 
cipal foods of bee larvae, it was decided to study the effect on spore formation of 
the addition of pollen or chemical fractions of pollen to basal media on which 
good growth, but poor sporulation, is obtamed 

EXPERHIENTAI, PKOCEDXJKES A14D RESULTS 

Organism used This mvestigation was conducted with three strams of 
Bacillus larvae isolated from pieces of honeycomb infected with the American 
foulbrood microorganism The strams showed no variation m morphology and 
are designated as strams only by reason of their bemg isolated from widely 
separated localities Stram A was obtamed from central Pennsylvama, stram 

* Authorized for publication on September 25, 1948, as paper no 1475 in the journal senes 
of the Pennsylvania Agricultural Experiment Station 

* Present address Department of Bacteriology, Iowa State College, Ames, Iowa 
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B from OIuo, and strain G from FJonda One of the strains, A, was confinned 
as being typical B larvae by Dr H Katznelson of Ottawa, Canada The cul 
ures were earned on the stock culture medium and tested periodically for puntv 
by the use of diagnostic broth (Holst and Sturtevant, 1940) As a further check 
for p^ty, the organisms were tested for their mabihty to grow on nutrient acar 
wiuch IS characteristic of this species ’ 

Composition of the media The culture media consisted of aqueous ertraefs 
of pollen and carrots added to a basal substrate The pollen extract was made 
by gnndmg the desired amount of pollen m a mortar and pestle with a small 
amount of distilled water The mixture was finally diluted to a total vdiume of 
500 ml with distilled water and allowed to stand 20 minutes with occasional 
stimng It was then filtered through a Buchner funnel using a no 2 Whatman 
filter paper The filtered extract was mcoiporated in media to yield a volume of 
1 liter Thus, to prepare a medium contammg 1 per cent pollen, an extract from 
10 g of pollen was prepared 

The carrot extract was prepared by macerating 100 g of cleaned carrots with 
225 ml of distilled water, allowmg the mixture to stand 30 minutes, and filtermg 
through a Buchner funnel usmg a Whatman no 2 paper This procedure yields 
about 200 ml of filtered carrot extract The use of carrot extract was discon 
tmued after it was found that it had no efi’ect on spomlation It was used m 
early portions of the work because of its reported action (Holst and Sturtevant, 
1940) 

The basal medium had the followmg composition Difco neopeptone, 10 g, 
Difco yeast extract, 10 g, K 2 HPO 4 , 0 5 g, Difco agar, 15 g, and distilled water, 
250 ml The pH was adjusted to 6 8 to 7 0 with n NaOH For use, the media 
were prepared by adding 500 ml of the pollen extract, and 200 ml of the carrot 
extract or 200 ml distilled water, to 250 ml of basal substrate immediately pnor 
to sterilization The media were sterilized m the autoclave at 120 C for 15 
mmutes 

The pollen had been gathered by honeybees durmg different seasons of the 
year from areas m central Pennsylvama and later stored m glass jars for varymg 
penods of tune before bemg used m these expenments 

Determination of percentage of spordaiion Lots of the media were slants 
and used withm 2 weeks of the time of preparation The percentage of sporula- 
tion was deteimmed by suspendmg the entire growth from a slant mth a meas- 
ured volume of water Ahquots of this suspension were taken and slides were 
prepared by a modified direct microscopic techmque The shde was stam 
by the method of Huntoon, and the numbers of spores and vegetative celk were 
determmed by microscopic count at a magnification of 950 diameters y 

to 50 fields were counted on each shde , „ „ aIoIp 

The Huntoon spore stam is described by Katznelson (1948) as follow 
stam bv mixmg 4 grams of acid fuchsm m 50 ml of 2 per cent aqueoi^ ace 
acid and 2 grams of meth 3 dene blue m 50 ml of 2 per cent aqueous ^ 
Svi fte ivith stam for 1 to 3 mmutes Wash m water (him te uo»- a 
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bright red) Decolorize in a dilute solution of sodium carbonate until film turns 
blue, usually 4 to 9 seconds (The dilute solution is made by adding 7 or 8 
drops of a saturated NajCOs solution to 225 ml of water ) Rmse immediately 
in water and examme The spores are a purphsh-red, the vegetative cells a 
light blue 

Effect of pollen on sporulaiion A 2 per cent pollen medium was prepared, 
moculated with the 3 strams of the organism, and mcubated at 37 C Spore 
counts were made at several mtervals after inoculation, as shown m table 1 
A marked and regular mcreased sporulation was noted with all 3 strams The 
percentage of spores m the absence of pollen ranged fiom 0 4 to 16 8, m the pres- 
ence of 2 per cent pollen the percentage of cells present as spores ranged from 17 2 
to 83 9 


TABLE 1 

Effect of pollen on sporulation of Bacillus larvae 


Medium 

I 

n 

SiBAIN 

A 1 

B 

G 

A 

B 

G 

Incubation 

time 

Percentage of sporulation 

days 







3 

2 7 

3 5 

0 4 

26 3 

23 3 

17 2 

5 

6 1 

7 1 

2 3 

41 1 

39 1 

40 9 

8 

10 3 

16 8 

4 2 

61 4 

50 3 

56 1 

11 

5 3 

8 2 

2 8 

57 9 

69 9 

62 5 

14 

9 3 

8 1 

5 6 

66 5 

68 8 

83 9 


I Basal carrot medium 
II Basal carrot-pollen (2%) medium 


Various amounts of pollen were added to the basal carrot medium m order to 
determme the most favorable pollen concentration for sporulation These 
media were moculated with the 3 strams and mcubated at 37 C Figure 1 
shows the average percentage of sporulation under these conditions for the 3 
strams A medium contammg 2 per cent pollen is superior to the other concen- 
trations employed A marked inhibitory effect of 4 per cent pollen on sporula- 
tion IS shown m these data 

Pr eliminar y observations mdicate that pollen has a marked effect on the growth 
of B larvae The entire growth on media each contammg 0, 1, 2, 3, or 4 per 
cent pollen was suspended m 5 ml solution, and the amount of growth was de- 
termmed by measurmg the turbidity of the suspensions with a photometer 
After a 5-day growth period the suspension of bacterial cells grown on media 
contammg each of the foregomg concentrations of pollen gave the followmg 
readmgs m percentage of hght transmitted 50, 43, 47, 71, and 95 per cent, 
respectively The marked inhibitory effect on the growth of B larvae at pollen 
concentrations of about 3 per cent is apparent 
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be^llueTwlf % « Ste a ft,”; ”A°"“ '« 

ton was a pale yellow color with a pH of 0 5 The two portions aero then 1 



T(ME IN DAYS 

Figure 1 The eSect of pollen concentration on endospore production Figures on 
curves indicate percentage of pollen 

corporated into media at concentrations equivalent to 2 per cent pollen Table 
2 shows the percentage of sporulation of ceils of strain A on these media Similar 
results were obtained with other strains The medium prepared from the ether 
extract is seen to favor spore production, that prepared from the residual uater 
extract is not favorable for sporulation No cause is apparent for the abnor- 
mally low spore production on the latter medium 
The high solubility of the active fraction in ether is mdicated by the follou mg 
The ether fraction and the residual water extract were mixed, shaken, and a 
lowed to stand for 1 hour The solutions were separated and each vas te=t 
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foi the piesence of the spoiulation-mducmg factoi The aqueous poition 
show ed onl 3 " 0 3 pei cent spoi ulation in 4 days, but the ether portion show^ed 10 3 
pel cent in the same period of time as compared with 8 6 pei cent found wnth the 
ongnial aqueous pollen extiact The active spoiulation-mducmg factor of pol- 
len, therefoie, is higlilj’- soluble m ethei and ma}"- easily be sepaiated from an 
aqueous extiact of pollen b 3 ’’ simple ethei paitition 

DISCUSSION 

The piesent mvestigation has sliowm that some factor piesent in aqueous and 
ethei extiacts of giound pollen is capable of veiy significant^ mci easing the 
peicentage of spores pioduced b 3 ’' Bacillus laivae on an aitificial medium The 
fact that seveial lots of pollen fiom cential Penns 3 dvania were successfull 3 '- em- 
plo 3 ’'ed in the expeiiments mdicates that the actii'^e factoi is not limited to a 

TABLE 2 


Solubililtj of active fraction of pollen 


Medium 

I 

II 

III 

Incubation time 

Percentage of sporulation 





4 

5 1 

0 1 

17 9 

8 

17 3 

0 1 

32 4 

12 

26 4 

0 1 

30 7 


I Basal pollen medium Control not ether extracted 
II Basal pollen medium Portion of pollen preferablj soluble in water 
III Basal pollen medium Portion of pollen preferably soluble in ether 


particulai floia The factoi lilvewise seems lathei stable, since its activity can 
be demonstiated aftei heating at 120 C foi 15 minutes 
The mhibitoi 3 ’' action of laige concentiations of pollen on vegetative giowth 
confiims an eailier leport b 3 ^ Lochhead (1926) The failuie of earhei woikeis 
to obseive the stimulatoi 3 ^ effect of pollen on spoie fonnation b 3 ’’ B larvae may 
be due to the fact that they might have used such laige concentiations of pollen 
that a very slight growdh resulted It is ivoithy of note that although heai'y 
inocula are needed to mitiate growiih on the basal pollen-can ot medium, sub- 
stantially higher x'^egetative growth is obtained on such medium than on the 
reference medium of Holst and Stuitevant (1940) 

This sporulation-promotmg pow'ei m pollen may mdicate that some nutrihte 
not piesent in pieviously used media is lequiied for sporulation m addition to 
those nutrients needed for the vegetative gi ow th of this organism The question 
can also be laised as to ivhether a specific factor is essential for spomlation m 
othei bacilli In paiticular. Bacillus papillae (Dutky) like B larvae has to date 
failed to spoiulate on artificial media although it readil 3 ^ forms spoies in its host, 
the Japanese beetle (Dutky, 1947) Fmther woik on the isolation of the sporu- 
lation-promotmg factoi of pollen is m piogiess 
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SUMMAR’l 

Sporulation of Bacillus larvae on a medium of peptone, 3'-cast extract, dipol.is 
Slum phosphate, carrot extract, and pollen extract is leported The increase in 
spoiulation due to pollen is 10 to 50 pei cent, and is gieatest with a concentration 
of 2 per cent pollen 

The fiaction of the pollen responsible for spoiulation is soluble in ether m 
pieference to ivater 

I 
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The fiist luiown and onlj’- published instance of a granulosis of an insect m 
the Western Hemispheie is that of the variegated cutuorm, Pendroma margan- 
iosa (Hau ), recently leported from California by Steinhaus (1947) Other 
examples of this type of disease have been observed in Europe m larvae of the 
cabbage butterfly, Piens brassicae (Lmn ), m the cutvorm, Euxoa segetum 
Schiff (Paillot, 1926, 1934), and in the pme-shoot roller, Cacoecia munnana Hb 
(Beigold, 1948) As this group of msect diseases becomes better knoira, addi- 
tional host species m x^arious paits of the world woll m all probability be recog- 
nized Of particulai mterest at the piesent time is the nature of the etiological 
agents of these diseases That they aie xuruses has been suspected for some time, 
but only recently has this fact been conclusn^elj’^ demonstrated To clanfj' the 
virus natuie of the granulosis of the variegated cutworm is the object of the 
present report 

The histopathologj’' of the diseases under discussion is characterized by the 
accumulation of numeious mmute granules m the cjdoplasm of the cells of the in- 
fected tissues It IS foi this reason that the diseases comprising this gioup are 
provisionally called “gianuloses ” TlTien examined with a light microscope, 
the abnormal opaque white areas of the fat tissue may be seen to consist of nod- 
ules of hiTiertrophied fat cells filled wuth large numbers of mmute granules 
(figure 1) Smee these granules do not occur m the fat cells of healthj’’ cutw orms, 
it has been assumed that they are somehow concerned wnth the etiology of the 
disease 

After the prelimmary observations on the granulosis w ere made, attention w as 
next turned to the demonstration of the virus by means of the electron micro- 
scope Exammation of suspensions of triturated, infected tissue wuth the elec- 
tron microscope show ed the mmute granules to be ox al m shape, and to hax e a 
size of approximately 0 25 by 0 4 microns (figure 2A) That these bodies are 
x^ery dense is mdicated by the fact that there is x erj^ little penetration of them 
by the electron beam Occasionally large foims w ere seen (figuie 25), and these 
are believed to represent a combmation of sex'^eral granules Compared xxith 
bacteria (figure 20) they appear as opaque oval bodies with no significant internal 
structure 

The laigest lecognized group of msect xuruses is that xxhich causes diseases 
knowm as polyhedroses, xx hich are characterized by the formation, m the nuclei 

‘ Contribution from the Laboratorj of Insect Pathologj , Division of Biological Control, 
College of Agriculture, Universitj of California, Berkelej 
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Figure 1 Photomicrograph of fat tissue from vanegated cutnorm, Pcndroma margan 
iosa (Havr), suffenng from granulosis Magnification approximatcij 720 / 1 lid i 

tivelj earh stage of infection showing pjcnotic and disintegrating nuclei and Inpfr 
trophied cells the cytoplasm of which contains numerous granular inclusions H Jat'r 
stage in the disintegration of the fat tissue The entire cells are in the process of hreal ing 
down, with the chromatin matenal from the seieral nuclei becoming distributf d at random 
throughout the granular mass C Complete disintegration of the fat tissue has talm 
place leaving an almost umform suspension of granules liberated from the disintegrating 
cells 
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Figure Z Electron micrographs of granules from diseased Peridroma larvae Approxi- 
mate magnification 15,000 X A Granules directly from diseased larva B Prepara- 
tion shoii ing peculiar large form, probably representing a combination of several granules 
or granular material that has formed about a chainlike group of virus particles C Similar 
to A shoeing comparative densities of granules and bacteria D Granules treated vith 
0 016 M sodium carbonate shownng clear rod shaped areas located \nthin them 
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of infected cells, of inclusion bodies called polyhedia Since the pohhcdra 
uhich haibor the vnuses of the bettei-knoun pol^^hedioses, aie soluble m weik 
alkalies, it uas thought advisable to attempt the dissolution of the granules in 
a similar means Sodium carbonate is one of the ueak alkalies knoMii to cause 
such dissolution Accordingly, fat tissue from infected cutworms v as tnturated 
and suspended in a 0 016 m IS^aiCOs + 0 05 m NaCl solution foi 3 to 4 hours at 
25 C This suspension uas centrifuged biiefly at low speed to remo\e tissue 
debus The supernatant was then centrifuged foi 1 hour at 13,000 rpm (20,000 
g) The Avhitish sediment resulting from this centrifugation was washed in 
water and centrifuged thiee times before being mounted foi examination with 
the electron microscope 

In prepaiations made m the mannei just desciibed, the granules lose some of 
their dense aspect, and a lelativelj'' clear rod-shaped area or cavit 3 '' maj’’ be seen 
more or less centially located along the long axis of the granule, giving the latter 
somew hat of a “puffed ivheat” appearance Rod-shaped particles of about the 
same dimensions as the cavities can be seen lying among the gianules It was 
thought, and later substantiated, that these rod-shaped particles might lepresent 
the vims 

Durmg the course of this work we leceived from Dr G Bergold in Canada a 
manuscript and photographs (Beigold, 1948) conceined w'lth a similai disease of 
the pine-shoot roller, Cacoecia miinnana Hb , in Europe Unlmown to us, 
Bergold had been makmg a similai study of the gianulai inclusions chaiactenstu 
of the disease of that msect and had successful!}^ demonstiated the A'lnis in 
electron miciographs bj^ using concentrations of K’a 2 C 03 of 0 03 and 0 04 Ji 
According to Bergold, each granule from the diseased Cacoecia harbors a single 
vims particle Upon the application of the alkali, the granules apparentlj 
released the vims particles leaving the rod-shaped perfoi ations or cavities in the 
gianule substance, which Bergold designates a “capsule”^ and which is pro 
temaceous m composition The virus particle itself is a lod about 50 by 202 
millimicions in size 

Applying Bergold’s technique to oui material, we wmre able to demonstrate 
the vims m greater numbeis than before (figure 3C') With the use of Na'-COj 
m a concentration of 0 05 m for 3 hours, the granules readily dissolved, eacli 
granule apparentl}" liberating a single virus particle The vims paiticle, as 
demonstrated w ith the electron micioscope, was showm to be a lod approximate!} 
40 by 240 millimicrons, frequently slightly curved Occasionall}5 as shown m 
figure 3D, several rods would arrange themselves end to end in chainlike fashion 
This arrangement, however, is probably a fortuitous one depending upon the 
nature of the preparation , chamlike formations w ere noticed in some preparations 

of the same source material and not in others 

In the light of Bergold’s similai findmgs and in the light of the general moip w 


= Bergold’s usage of the terms “capsule” and “virus 
present paper because of the possibihtj that the ter/ninolog> mig it )c con I 

used to designate the well knoun pobsaceharido capsules of pneumococci md other 


term 




Figure 3 Electron micrographs of granules and virus particles from diseased Peridroma 
larvae Approximate magnification 15,000 X, except for B, which is approximately 30,000 
X A Granules treated with 0 016 m sodium carbonate, showing partial!} dissohed 
granules and liberated virus particles B Untreated granules from larva in an earh stage 
of infection The smaller forms ma} possibl} represent granular material in the process 
of forming about virus particles C Free virus particles after dissolution of the granules 
wnth sodium carbonate D Several groups of virus particles arranged in chainlike fashion 
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logical similantj'’ between these particles and those causing potyhedroses, there 
seems to be no reason to doubt the identity of these mmute rods with the infec 
tious agent of the disease The most fundamental difference between the 
granulosis viruses and those causmg polyhedroses is that whereas the latter 
charactenstical^’' mvade the nucleus of the cells, the granulosis viruses, for the 
most part, accumulate m the c 3 d,oplasm, m both cases causmg the destniction of 
the host cell Furthermore, m the case of the twm granulosis viruses so far dem- 
onstrated, each granule or “capsule” contams but a smgle nrus particle, m the 
case of the polyhedral viruses, the Aurus particles, either smgly or in bundles, 
occur m considerable numbers m the polj'hedra, which usuall}’’ range in size from 
0 5 to 15 microns dependmg upon the disease concerned 
As will be explamed m a forthcommg book (Stemhaus, 1949), it is com cnient 
to consider the granulosis group of viruses as generically distmct from the Aunises 
causmg polyhedroses, from those charactenzed bj’’ refrmgent irregular inclusion 
bodies, and from those that are not charactenzed bj’’ any type of mclusion bodj 
The details of taxonomic considerations wiU be dealt wuth m this forthcoming 
pubhcation 
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Bacterial gill disease when uncontrolled causes heavy losses among hatchery 
fish The disease is characterized by a prohferation of the gill epithelium over- 
laid inth masses of my\obacteria The characteristic hyperplasia probably 
causes death by preventmg the proper interchange of gases between the water 
and the blood stream of the fish 

A number of strams of myx.obacteria differmg primarily in pigment formation 
have been isolated from diseased fish These cultures formed neither micro- 
cysts nor fruitmg bodies when grown on the conventional media used for cultur- 
mg myvobacteria, and may therefore be considered to be members of the genus 
Cytophaga Although orgamsms of this type are characteristically found on 
diseased giU tissue, it has not been possible to infect healthy fish with the or- 
ganisms isolated There is, therefore, reason to question that these orgamsms 
are the etiological agents of the disease On the other hand, it seems likely that 
these organisms contnbute to the manifestations of the disease, because on 
successful treatment the bacteria disappear first, this is followed by a disappear- 
ance of the hyperplasia 

Severe outbreaks of bacterial gill disease occurred m hatcheries built for the 
purpose of transplantmg the salmon runs that normally spawned above the 
Grand Coulee Dam on the Columbia River The conventional treatments for 
bacterial gill disease that mvolved the use of copper sulfate or potassium per- 
manganate proved unsatisfactory m these hatcheries Hence a search was 
instituted for better therapeutic agents A considerable number of chemical 
compounds of various types mcludmg a number of quaternary ammonium and 
pyndmium compounds were tested m the laboratory for toxicity to fish and for 
germicidal efficacy agamst a myxobacterium suspected of causmg bacterial gill 
disease Burrows (1946) subsequently conducted further tests on mfected fish 
and showed that “roccal,” a commercial preparation contaming quatemaiy am- 
monium compounds, could be used successfully m the control of the disease 
Burrows found that a 1-hour treatment with a dilute solution of “roccal” on 3 
consecutive days would cure infected fish, and that a l-hour treatment at weekly 
mtervals prevented outbreaks of the disease 

The origmal lot of “roccal” was used at a concentration of 1 500,000 and suc- 
cessfully controlled bacterial gill disease Subsequent lots of “roccal” gave 
variable results Some lots had to be used at greater concentrations m order to 
be effective m the treatment of the disease Other lots were entirely unsatis- 
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factoiy for treatment of the disease because they were to\ie to fish in concentra 
tions that failed to kill the bactena associated with the disease Certain batches 
that proved toxic showed a yellow color, leading to the supposition that tone 
impunties were present However, it was later found that toxicity to fish i\as 
not correlated with the presence of color Because commercial “roccal” is 
composed of alkyl-dimethyl-ben 2 yl-ammonium chlondes with the alkyl group 
varying from C« to Cis, it seemed possible that the variations m toxicity of the 
different batches of the commercial product might result from vanations in the 
relative amounts of the several homologues 


The present study was undertaken to detemune the relative toxicity of the 
various members of the homologous senes of alkyl-dimethyl-benzyl-ammoniuni 
chlondes to fish and to bactena The homologous senes of alkyl-tnmethj’’!- 
ammonium bromides was also tested m order to obtain further infomiation on 
the effect of substitution and of cham length on the relative toxicity to fish and 
bactena 


MATERIALS AND METHODS 


Samples of the homologous senes of alkyl-dimethyl-ben^l-ammonium chio 
rides were obtamed through the courtesy of the Sterhng-Winthrop Institute 
These ranged from the hexyl-dimethyl-benzyl-ammonium chlonde to the 
octadecyl-dimethyl-benzyl-ammomum chlonde As was anticipated, initial 
tests showed that the shorter chamed compounds possessed low bactericidal 
properties In this paper we are reporting the results obtained with the more 
active homologues, those rangmg from decyl- to octadecyl-dimethyl-benzyl- 
ammomum chlonde 

Samples of the decyl, dodecyl, and hexadecyl homologues of the alkyl-tri 
methyl-ammonium bromides senes were obtamed from the Department of 
Chemistry, University of Washmgton These were highly punfied compounds 
prepared by Scott (1941) for a study of the electrolytic properties of surface- 
active agents The tetradecyl and octadecyl homologues of this senes vere 
prepared from the alkyl bromides and tnmetbylamme and were punfied accord- 


mg to the procedures used by Scott 

The toxicity of the quaternary compounds to fiish was determmed with 2-inch 
blueback salmon, Oncorhynchus nerKa (Walbaum) As the test organism for 
the bactencidal action of the homologues, Chondrococcus columnans (Davis), a 
myxobactenum of known pathogemcity to fish, was selected This organisin 
was selected because of the questionable pathogenicity of the several strams of 
Cyiophaga that have been isolated from infected giU tissue, and because strains 
of C columnans of known virulence were available In addition it was hoped 
that as a result of this study information might be gamed as to the usefulness o 
quatemaiy ammonium compounds for the treatment of “columnans i^ections, 
which are characterized by lesions on the gills and the body surface of fish 

An attempt was made m testmg these compounds to approximate the con 
tions under which fish are treated m hatchenes It is customary' practice 
treat surface infections on fish by addmg the therapeutic agent to the trough 
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pond Avater containing the fish — the water inlet previously being turned off 
The normal period of treatment is 1 hour, after which the therapeutic agent is 
flushed out In our experunents five fish ivere held for a period of 1 hour m 
1-liter quantities of the dilutions of the quaternary ammomum compounds The 
fish Avere placed m runnmg water followmg this exposure where they were ob- 
served after a penod of 1 hour, then at 2, 24, and 48 hours The temperature of 
both the runnmg a\ ater and the test solutions was held at 65 F Tests Avith 
critical dilutions of each compound were repeated a number of tunes m order to 
make certam of the end pomts 

The bactericidal action of the homologues was deter min ed by addmg 1 ml of 
a 24-hour broth culture to 99 ml of the dilutions of the quaternary ammonium 
compounds Stenle, 0 1 per cent tryptone (Difco) broth at pH 7 2 was used as 
a diluent because it was considered that the presence of organic matter simulated 
conditions more closely on fish and m fish-pond water The solutions were held 
at 65 F and, after exposure for 1 hour, 1-ml and 0 1-ml quantities of the test 
solutions were transferred to petn dishes, 25 ml of 0 5 per cent tryptone Avith 1 
per cent agar were then added The rather large samples were taken m order 
to mmimize the chance of obtainmg stenle plates as a result of the clumpmg of 
bacteria sometimes brought about by quatemaiy ammonium compounds, as 
noted by McCulloch (1947) The dilutions of 1 25 and 1 250 were sufiBcient to 
overcome bacteriostasis, particularly m Anew of the demonstration of the neu- 
trahzmg effect of agar on the germicidal potency of quaternary ammomum salts 
by Quisno, Gibby, and Foter (1946) Dilutions of the vanous homologues that 
gave stenle plates m both 1-ml and 0 1-ml samples were selected as end pomts 
Higher dilutions particularly Avith the longer cham compounds often showed 
reduced counts over a considerable range m concentration, possibly as a result 
of the agglutmation effect of the quaternary ammonium compounds 

EXPERIMENTAL RESULTS 

The toxicity of the homologous series of alkyl-dimethyl-benzyl-ammonium 
chlondes to fish is shoiro m table 1 The toxicity for fish rises Avith the mcrease 
of cham length to a maximum AVith the hexadecyl homologue and drops off some- 
what Avith the octadecyl homologue The results obtamed m these tests were 
relatively clear-cut and reproducible 

In table 2 the concentrations of the quatemanes kilhng C columnans m 0 1 
per cent tryptone are compared Avith the concentrations kilhng and permittmg 
the survival of fish It will be noted that the bactencidal potency of this series 
of quaternaries mcreases AVith cham length to a maximum Avith the tetradecyl 
and hexadecyl homologues and decreases Avith the octadecyl This findmg is 
not m agreement A\uth the results of Valko and DuBois (1945), who reported 
that the tetradecyl homologue exhibited maximum antibacterial actmty 
However, it should be noted that Valko and DuBois used a relatively short time 
of exposuie, vuth Micrococcus aureus and Salmonella typhosa as test organisms 

Our results show that the toxicity to fish as compared to the toxicity to the 
bacteria mcreases vuth cham length The relatwe toxicity of these compounds 
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may be expressed as the ratio between the concentrations toxic to fish and the 
concentrations toxic to bacteria Such values, which may be called toucitv 
mdices, were used by Gee and Sarles (1942) in comparing toxicities of vanous 
disinfectants to eyed trout eggs and to Bacterium salmoniada Obnously, the 

TABLE 1 

The toxicity of allyl-dimethyl-hemyl-ammonium chlorides for bluebacL salmon fingcrUngs 
(Fish were exposed to the reagents at 65 F for 1 hour and placed in running 

water for observation) 


ALKYL CaOUP 

COKCEKTRATtOS OP 
AGENT 

riSH SVBVIVING AFTEX 

1 bour 

2 hours 

1 day 

2(11)1 

n-T)ecyl 

1 5,000 

0 

0 

0 

0 


1 10,000 

5 

5 

5 

5 

«-Dodecyl 


0 

0 

0 

0 



5 

5 

5 

5 

n-Tetradeeyl 

' 1 300,000 

2 

0 

0 

0 


1 400,000 

5 

5 

5 

5 

n-Hexadecyl 

1 750,000 

4 

4 

1 

0 


1 1,000,000* 

5 

4 

4 

4 


1 1,500,000 

6 

5 

5 

5 

n-Octadecyl 

1 700,000 

4 

1 

0 

0 


1 800,000 

5 

5 

5 

6 


* Besults were somewhat variable at this concentration 


TABLE 2 


The concentrations and action of alkyl-dimelhyl-benzyl-ammomum chlorides on bluehacl 
salmon fingerlings in water and on Chondrococcus columnarts (Dams) inO I per 
cent tryptone broth using an exposure of 1 hour at 65 F (18 S C) at pH 7 S 


ALKYL GHOtrP 

riSH 

PACTEXIOPAL CON 
CENTSATIONS 

TOXTOTYrtfOreZS 

KiUed 

Survived 

n-Decyl 

n-Dodecyl 

n-Tetradecyl 

n-Hexadecyl 

n-Octadecyl 

1 5,000 

1 25,000 
! 1 300,000 

1 1,000,000 

1 700,000 

1 10,000 

1 30,000 

1 400,000 

1 1,500,000 

1 800,000 

1 50,000 

1 1 200,000 

1 1,000,000 

1 1,000,000 

1 500,000 

10 0 

8 0 

3 3 

1 0 

0 7 


greater the numerical value of the toxicity index, the greater would be the margin 
of safety m treating fish The values of the toxicity indices are given m table 2 
These mdices show clearly that there is a progressively 
safety with the decyl, dodecyl, and tetradecyl Kj, 

with the hexadecyl and octadecyl homologues, vnth which the toxicity to - 
is as great as or greater than that to the bactena 
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Our experimental findmgs mth the homologous senes of alkyl-tnmethyl- 
ammomum bromides are shown m tables 3 and 4 Here the toxicity to bactena 
mcreased to a maximum with the hexadecyl homologue This is m essential 

TABLE 3 

The loxicily of alkyl tnmethyl-ammomum bromides for blueback salmon fingerlings 


CFish were exposed to the reagents at 65 F for 1 hour and placed in running 
water for observation) 


1 

AX-EYL GBOUP 

CONCEVTBATION 07 
AGENT 

nsH suEvrviG aptzr 

1 hour 

2 hours 

1 day 

2 days 

n -Decyl 


0 

0 

0 

0 



5 

5 

5 

5 

n-Dodecyl 

1 10,000 

2 

0 

0 

0 


1 15,000 

5 

5 

5 

5 

n-Tetradecyl 

1 200,000 

0 

0 

0 

0 


1 250,000 

5 

3 

1 

1 


1 300,000 

5 

4 

3 

3 


1 350,000 

5 

5 

5 

5 

n-Hexadecyl 

1 1,500,000 

5 

3 

0 

0 


1 2,000,000 

5 

5 

2 

2 


1 2,500,000 

6 

5 

5 

5 

n-Octadeoyl 

1 1,000,000 

4 

0 

0 

0 


1 1,500,000 

5 

5 

0 

0 


1 2,000,000 

5 

5 

5 

5 


TABLE 4 


The concentrations and action of alkyl-tnmelhyUammomum bromides on blueback salmon 
fingerlings in water and on Chondrococcus columnaris {Davis') in 0 1 per cent 
tryptone broth using an exposure of 1 hour at 65 F {18 3 C) at pH 7 2 


ALKYL GEOUP 

7ISK 

BACXEKIODAL COS 
CENTKATIOVS 

TOXiaTY INDICES 

KiUed 

1 Survived 

n-Decyl 

1 1,500 

1 2,000 

1 2,500 

1 7 

n-Dodecyl 

1 10,000 

1 15,000 

1 25,000 

2 5 

n-Tetradecyl 

1 300,000 

1 350,000 

1 200,000 

0 7 

n-Hexadecyl 

1 2,000,000 

1 2,500,000 

1 1,000,000 

0 5 

n-Octadecyl 

1 1,500,000 

1 2,000,000 

1 500,000 

0 3 


agreement with the£ndmgs of Hoogerheide (1945) m germicidal tests conducted 
with Micrococcus aureus The toxicity to fish also reached a maximum with the 
hexadecyl compound The concentrations of the decyl and dodecyl homologues 
tolerated by fish are greater than the concentrations that are bactencidal, but 
the margm of safety is narrow On the other hand, the three higher homologues 
are more toxic to the fish than to the bacteria 
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It should be noted that, whereas the tests for to^city to fish gave consistent 
and reproducible results, those obtained with bactena were less consistent 
particularly with the hexadecyl homologues However, the results obtained 
mth repeated bactencidal tests were relatively uniform as compared to results 
reported m the hterature (Valko and DuBois 1946) This may be due to the 
longer periods of exposure and to the fact that our germicidal tests were made in 
the piesence of uniform amounts of nitrogenous organic matter (0 1 per cent 
tiyptone) Bactericidal tests conducted m buffered solutions m the absence of 
tryptone gave less consistent results 


DISCUSSION 


From a consideration of the data presented m tables I and 2, it seems reason 
able to conclude that the variable results obtamed on the treatment of fish in 
hatchenes with commercial “roccal” were due to vanations m proportions of 
the several homologues of alkyl-dimethyl-benzyl-ammomum chlorides present 
m the different batches of “roccal” used It is probable that the successes 
resulted from the use of preparations composed prunanly of the lower chain 
homologues, and that the failures resulted from the use of preparations rich in 
the higher homologues Unfortunately no information is available on the exact 
chemical composition of the vanous commercial batches of “roccal” used m the 
treatment of fish 

Our results mdicate that the decyl, dodecyl, and tetradecyl homologues of the 
alkyl-dimethyl-benzyl-ammonium chloride senes either separately or m muturcs 
should be suitable for treatmg fish m view of the large margm of safety between 
the concentrations toxic to bactena and the concentrations tolerated by fish 
Because of the toxicity of the hexadecyl and octadecyl homologues, the presence 
of more than small amounts of these compounds m commercial preparations 
would make them unsuitable for the treatment of disease m fish The unsuita- 
bihty of hexadecyl-dimethyl-benzyl-ammonium chlonde was confirmed by one 
of us, Rucker (1948), by treatmg approximately 1,000 fish infected wuth bacterial 


gill disease under hatchery conditions 

The toxicity indices, expressed m tables 2 and 4, show that the members of 
the alkyl'tnmethyl-ammomum bromide senes are relatively more toxic to fish 
than are the members of the alkyl'dimethyl-benzyl-ammonium chlonde senes 
It might be expected from these data that the members of the former senes vouW 
be of questionable value for the treatment of diseases m fish, such as gill disease 

A companson of the activity of the members of the two senes of quatemarj 
ammomum compounds is best made by reduemg the data to a common level 
This IS achieved m figures 1 and 2 by plottmg concentrations expressed as tne 
logarithms of the micromolanty agamst the number of carbon atoms m the major 


hydrocarbon substituent 

It is immediately apparent that the replacement of one of the methy gr P 
by a benzyl radical increases markedly the bactencidal activity of the three 
shorter cham compounds, but has a negligible effect on the haxadecyl and ocat 
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decyl compounds This is m essential agreement with Shelton et al (1946), 
who showed that the substitution of a benzyl radical for one of the methyl groups 
in dodecyl-trimethyl-ammomum bromide led to a marked mcrease m bacten- 
cidal activity, but that a correspondmg substitution m hexadecyl-tnmethyl- 
ammonium bromide produced little change m activity 

The pattern of behavior toward fish is quite different Here the tetradecyl 
homologues of the two series show almost equivalent activity The two lower 
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CARBON ATOMS IN ALKYL GROUP 


Figure 1 Activity of alkyl-dimethyl-benzyl-ammomum chlondes concentrations killing 
fish , concentrations tolerated by fish , bactericidal concentrations 


members of the benzyl-substituted senes are somewhat more toxic, but the two 
longer cham members are definitely less toxic than the correspondmg members 
of the alkyl-tnmethyl-ammomum bromide series Of particular mterest to us 
are first, that the decyl, dodecyl, and tetradecyl homologues of the benzyl-sub- 
stituted series show a marked mcrease m bactencidal power with httle or no 
mcrease m relative fish toxicity, and second, that the hexadecyl and octadecyl 
homologues, though nearly equivalent m bactencidal activity, are definitely less 
toxic to fish than are the correspondmg members of the other senes 

In order to account for the differences m behavior of the members of the two 
series it is necessary to consider the variations m chemical structure The two 
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series differ m two particulars first in resnenf fn 

rerfacement of a mothyl group by a ben J mdj ’ “ "* 

Wthyl-ammomum faroxmde than by thf 

f the anion may well have influenced the results obtained inth the decil 



CARBON ATOMS IN ALKYL GROUP 

Figure S Activity of alkyl-tnmethyl-amnionium bromides concentrations killing fish 
— , concentrations tolerated by fish , bactencidal concentrations 


and dodecyl homologues However, smee the water used throughout these 
experiments contained in excess of 60 micromoles of chloride ions per liter, it is 
qmte unlikely that the character of the anion was of consequence in the tests 
conducted with the longer chain homologues It should also be noted that 
Shelton et al (1946) found no significant difference in the bactericidal pover of 
a number of cetyl-trimetbyl-ammomum salts includmg the chloride and bromide 
It IS our judgment that the major differences in behavior of the tv o homologous 
series are due to the substitution of a benzjd radical for a methyl group The 
differential effects of this substitution are most stnkmgly shown vith the tetra 
decyl and hexadecyl compounds Here no anion effect is present owing to the 
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consideiable e\cess of chloride ions On consideration of the tetradecyl members 
of the two series it is seen that the two compounds are almost identical in toxicity 
to fish, but that the benzyl-substituted compound is much more active agamst 
the bacteiia On the othei hand, the two hexadecyl compounds are equally 
active against bacteria, but the benzyl-substituted compound is considerably 
less toxic to fish 

Studies on the relation of the structure of quaternary ammonium compounds 
to antibacterial activity have regularly shown the importance of the cham length 
of the major hydrocarbon substituent Our studies show this to be true also 
for a susceptible species of a higher orgamsm However, on consideration of the 
relative toxicity to the two test organisms employed, it is apparent that other 
substituents are also of importance Although our data show that the substitu- 
tion of a benzyl radical for a methyl group m the dodecyl and tetradecyl com- 
pounds leads to a considerable mcrease m bactericidal activity without any 
marked mcrease m toxicity to fish, there is no a prion reason for assummg that 
this effect is at a maximum with this particular substitution This leads to the 
suggestion that the effect of the substitution of other groups on the central 
nitrogen atoms of dodecyl and tetradecyl quaternary ammomum compounds 
should be explored Such substitutions might lead to compounds that are more 
satisfactory m our particular apphcation and perhaps m other apphcations as 
well 


SUMMABY 

Members of the homologous series of alkyl-trimethyl-ammomum bromides 
and of the homologous series of alkyl-dimethyl-benzyl-ammonium chlorides have 
been tested for toxicity to fiish and for bactencidal action against Chondrococcus 
columnans, a myxobactenum pathogenic to fish 

An explanation has been advanced for the variable results obtamed on treat- 
ment of fish with commercial preparations of alkyl-dunethyl-benzyl-ammomum 
chlorides 

Both the bactericidal activity and toxicity to fish were found to depend on the 
major hydrocarbon substituent In addition it was found that the substitution 
of a benzyl radical for a methyl group on the central nitrogen atom profoundly 
influenced the relative toxicity to fish and bacteria 
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qmrement ^enments, however, the fermentation time was 36 to 40 hour: 
because of the small inoculum used After incubation the dry cell weight m 10 
ml of medium was determmed Corrections for volume changes during fer 
mentation were made ® 

T^en available, reagent grade chemicals were used m all media The media 
used m mmeral studies contamed only 1 gram of asparagine per liter No 
citrate was added to the medium After several procedures were tned, with 
httle or no success, for use in removmg the elements zinc, iron, and copper, 
the following methods were evolved The removal of zinc from the medium was 
accomphshed by adding 75 ml of approximately 0 1 per cent dithizone in carbon 
tetrachloride to each of several 400-inl portions of the complete medium at 
pH 5 0 The medium plus the dithizone solution was placed m 2'hter flasks 
and shaken overmght on a reciprocating shaker at 90 strokes per minute The 
excess dithizone and the dithizone-metal complex were then remov ed by repealed 
extraction with approximately 0 1 volume of redistilled carbon tetrachloride 
To ensure complete removal of the excess dithizone, three extractions were made 
after all visible color was removed The medium was then sterilized and 'nns 
ready for use 

Iron was removed from the medium by addmg 75 ml of approximately 0 1 
per cent 8-hydroxyqumohne m chloroform to each ^qf several 400-ml portions 
of basal medium at pH 5 0m 2-hter flasks These were shaken overnight on 
the reciprocating shaker as for the removal of zme The metal complex anti 
excess 8-hydroxyqumohne were removed by repeated extraction with 0 1 volume 
of redistilled chloroform Because of the less intense color of the metal complex, 
five extractions were made after the disappearance of visible color The pun 
fied medium was stenhzed, and was then ready for use 

Copper was removed from the medium by the same procedure used to remove 
zme except that the dithizone treatment was conducted at pH 1 5 After the 
removal of excess dithizone, the pH was adjusted to 5 0 with redistilled aqueous 
ammoma 

All mmeral solutions added to the purified media were prepared with reagent 
grade chemicals and redistilled water The minerals that were required in large 
amounts were not removed from the basal media, since the amount present in 
the onginal media was negligible m companson wuth the amounts added mi 
500-ml flasks used for yeast growth in the mineral studies were specially cleaned 
Each flask was washed m dichromate cleaning solution, then nnsed ten times in 
distilled water, nnsed three times in redistilled water, and dned in an mverte 

position I-, 

It has not been reported that yeast has an optimum aeration level m - 
always be assumed that aeration limits the yield unless it can be shown tna 
more effective aeration does not increase yields To provide a means o 
tenmmng when aeration ceases to be lumtmg, a fermenter capable of p S 
extremely high levels of aeration was designed This feimenter was rn 
stainless steel It was 6 inches m diameter and had a total volume ^ ^ 
It was proxuded with a vanable speed agitator with a speed range of SOU to i,ow 
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rpm The impeller on the agitator shaft was 4 inches in diameter with 8 blades, 
each bent to a 30° pitch, arranged for upward thrust The air was mtroduced 
through a cotton filter to the sparger located under the impeller The sparger 
directed the air up into the impeller through ^-mch holes The 13 holes were 
spaced f inch apart A baffle plate 1 inch wide was used to prevent conmg 

Analytical methods All sugar determmations were made with the Shaflter- 
Somogyi (1933) reagent 50 with 5 g potassium iodide Iron determmations 
were made with the a,a!'-dipyndyl method of Jackson (1938) Zinc and copper 
were determmed by the dithizone mixed color methods given by Sandell (1944) 

A rapid procedure was developed from the method of Sandell (1944) for the 
wet ashing of samples for metal analyses An amount of medium (usually 
more than a hter), contaming enough of the desired element to be m the range of 
the analytical method, was evaporated to a heavy S 3 Tup To the syrup, in a 
1-hter Erlenmeyer flask, small amounts of mtnc acid were added with shght 
warmmg until the imtial vigorous reaction was over The remainder of 150 
ml of mtnc acid was then added (samples contaming httle carbon reqmre less 
mtnc acid) The hter flask, with a beaker over the mouth, was heated in a steam 
autoclave at 175 C for 4 hours The steam was then replaced by air at an equal 
pressure so that the sample could be cooled more rapidly After coolmg, the 
sample was removed and evaporated to diyness The ash was then ready for 
analysis 

The,sulfite oxidation method of Cooper, Femstrom, and Miller (1944) was used 
to measure aeration efficiency 

EXPERIMENTAL RESULTS 

The present work was undertaken to find a synthetic medium that would 
support yeast growth eqmvalent to that obtamed on a natural medium The 
synthetic medium finally foimd to f ulfill this reqmrement is shown m table 1 
The highest yield previously reported on a synthetic medium (without the use 
of large mocula to provide growth factors) is that of Van Lanen (1947) He 
reported a yield of 11 5 per cent on a modified Wilhams synthetic medium 
This yield was based on the sugar added 

Yields on synthetic medium In the present investigation Saccharomyces 
ceremsiae y-30 grown on the standard basal medium shown m table 1 gave yields 
of 42 per cent based on the sugar and asparagme added This medium contains 
concentrations of growth factors and mmerals equal to twice those found neces- 
sary for maximum growth The amounts necessary for maximum growth were 
determmed on a medium identical with the prehmmary test medium shown m 
table 1 except for the component bemg vaned The growth curves thus obtamed 
are shown m figure 14, B, and C 

In the study of the components of tfie basal medium, no zinc, iron, or copper 
was added Later work showed that the impunfied medium contained adequate 
amounts of all essential mmerals 

As indicated in table 1, the glucose and asparagme were not added m excess, 
since they both function 'as carbon sources The asparagme was shown to be 
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utjJized by making detennmations of the asparagine remaining in the medium at 
mtervals throughout the fermentation The determinations were made by 
firet hydrolyzing the asparagme with acid to aspartic acid and then determining 
the aspartic acid by the microbiologica] assay of Hac and Snell (1945) 

The sodium citrate was added to the medium as a buffer None of the citrate 
disappeared This was shown by Dr Ping Shu, who kindly determined citnc 
acid in both the uninoculated basal medium and the filtrate from the fermented 
medium and found no difference 

The effect of initial pH is marked Figure IZ? shows that the yield obtained 
by using an initial pH of one umt lower than the pH 5 0 optimum gave a decrease 

TABLE 1 


Composition of the basal medium 


COJtPODND 

PIXUmNASV TEST UEDIUM 

StASDASD BASAl. UtDWU 


Per lifer 

per liter 

Glucose* 

10 g 

10 g 


6 g 

c g 

KHiPO< 

1 g 

0 2g 

MgS04 7HjO 

0 2Sg 

0 25g 

Sodium citrate 

1 g 

1 g 

n-Asparagine* 

1 g 

2 5g 

Biotin 

40 fig 

' 20pg 

Calcium pantothenate 

4 mg 

0 5 mg 

Inositol 

10 mg 

10 mg 

Thiamine 

4 mg 

4 mg 

Pyridoxine 

4 mg 

1 mg 

Zinc (as sulfate) 


400 fig 

Iron (as ferrous ammonium sulfate) 


ISO MS 

Copper (as sulfate) 


25 pg 

Water to 1,000 ml 




pH adjusted to 5 0 ivith HjPOi 


* These compounds serve as carbon sources and are therefore not added in excess 

of 21 per cent m the final yield and an initial pH of one unit above pH 5 0 ga\ e a 
decrease of 16 per cent m the final yield The effect of controllmg pH throughout 
the fermentation has not been studied 

Yeast yields vary greatly with glucose concentration Figure 2A shows the 
increase m jneld obtamed with decreasmg glucose concentration The 2 and the 
4 per cent glucose media were supphed with twice the normal amounts of other 
constituents of the standard basal medium The increase m yield at low sugar 
concentrations is realized m commercial yeast production where the medium is 
maintained at a low sugar concentration by the continuous addition of a sugar 
concentrate It may also be seen from figure 2A that the medium coatamwg 
2 5 g per hter of asparagine gave highest yields at all sugar levels except 4 per cea 
This stimulation by the asparagme was found to increase with increasing sugar 



1949] 


HIGH YEAST YIELDS IN SYNTHETIC MEDLA 


239 


concentration The absolute amount of cell increase brought about bj”- the 
asparagine may be seen from the follownng calculations The basal medium iiuth 
no asparagine added gave a yield of 23 g per 100 g of glucose The medium with 
1 g asparagine per liter gave a yield of 42 6 g dry yeast per 100 g of glucose 
This IS a difference of 19 6 g The total amount of asparagine added to give this 




Figure 1 A Effect of ma^esium, potassium, and ammonia nitrogen concentrations on 
yeast yield B Effect of thiamine, inositol, and calcium pantothenate concentrations on 
yeast yield C Effect of biotin and pyridoxine concentrations on yeast yield D Effect 
of initial pH on final yeast yield 


increase was 10 g Hence, asparagine has a function other than that of a carbon 
source 

To determme whether or not the yeast required grovdh factors m addition to 
the ones added m the basal medium, growth factors as found m natural matenals 
were added as supplements to the basal medium The results of this evpenment 
are shown m table 2 In no instance was there any improvement over the jneld 
obtained with the basal medium contaimng 2 5 g asparagine per hter 








Basal (1 g/L asparagine) 

Basal (2 5 g/L asparagine) 

Basal (1 g/L asparagine) + (0 5 g/L corn steep 
liquor) 

Basal (1 g/L asparagine) + (ext of 1 g malt 
sprouts) 


Ron I 

42 

6 

50 

1 

40 

2 

44 

3 









1949] 


HIGH TEAST TIELDS IN SINTHETIC MEDIA 


241 


Twenty-one different amino acids were tested for their ability to replace 
asparagine in the basal medium As shown m table 3, the amino acids nere 
found to fall into three groups The first group had no effect This group 
contained glycine, leucine, glutamic acid, histidme, cystine, tyrosme, and 
threonine The L-amino acids were tested at 1 0 and 2 5 g per hter except 
cystine and tyrosine, which are insoluble at these concentrations They were 
used in saturated solution The DL-amino acids were used at 2 0 and 5 0 g 
per liter Group II, consisting of isoleucine, lysine, argmine, ornithine, methio- 
nine, tryptophan, and proline, gave slight increases m yield m at least one con- 

TABLE 3 


Ability of single amino acids to replace asparagine 


AlII>iO ACIDS WITH NO EFFECT (VIEID 
23-27 C DRV YEAST PER 100 G GLUCOSE) 

AHJNO ACmS WITH SLIGHT STHTU 
LATION (yield 29-30 G DRY YEAST 
PER 100 C GLUCOSE) 

AIUNO ACIDS WITH STUTUIATINC EFFECT 
(yield 34-53 G DRY YEAST PER 100 G 
glucose) 

None 

DL-Isoleucine 

DL-Aspartic acid 

n-Leucine 

nn-Lysine 

DL- Alanine 

DL-Glutamic acid 

li- Arginine 

DL-Valine 

L-Histidine 

L-Ornithine 

DL-Serine 

n-Cystme 

DL-Methionine 

L Senne 

L-Tyrosme 

DL-Threonme 

Glycine 

nn-Tryptophane 

L-Proline 

DL-Phenjlalanine 


TABLE 4 


Effect of serine and alanine on yeast yields in the absence of asparagine 


SUBSTANCE ADDED 

YIELD (C YEAST PER 100 G 
glucose) 

FINAL pH 

None 

23 

3 0 

n-Asparagine, 1 g per L 

42 6 

3 1 

n-Asparagine, 2 5 g per L 

50 1 

4 S 

DL-Alamne, 2 g per L 

39 1 

3 35 

DL-Alamne, 5 g per L 

50 2 

3 1 

DL-Senne, 2 g per L 

4S 1 

3 1 

DL-Serine, 5 g per L 

53 2 

3 5 


centration The group III ammo acids, aspartic acid, alamne, vahne, senne, 
and phenylalamne, showed marked stimulation 

It may be seen from table 4 that senne and alamne gave ynelds equal to those 
obtained with asparagme All three gave yields above 50 g of dry yeast from 
100 g of glucose AU the glucose added was utihzed m these fermentations 
Since the pH dropped only from 5 0 to 4 8 m the medium contammg 2 5 g as- 
paragme per hter, it might be considered that part of the stimulation by as- 
paragme is due to its ability to mamtam the pH constant throughout the 
fermentation However, this does not seem to be the case smce, with both 
alamne and senne, yields above 50 per cent were obtained, but the pH dropped 
from 5 0 to 3 4 and 3 5, respectively 
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Table 5 shows the results of an expenment designed to determine whether 
the stimulation due to alanine and senne was of the same nature as that due to 
asparagine In this expenment alanine and senne nere added separatclr and 
together to a basal medium contaimng 2 5 g asparagine per liter In no instance 
was there any increase m 3aeld over the control The same yield as the control 
was obtamed even when both alanine and senne were added to the basal medium 
with 2 5 g asparagine per hter F rom this it was concluded that asparagine, 
alanine, and senne function in a similar way and can be used interchangeabl}' to 
satisfy the requirement of Saccharomyces ceTemsiae y-30 


TABLE 5 


Effect of serine and alanine on yeast yields tn the presence of excess asparagine 


St7BSIAJ,CE ADDED TO BASAL UEDIDlt (2 5 C/L 

ASPAEAOD.’E) ^ 

VIEID (C YEAST ITS 100 

C GIDCOEE) 

rWAL pit 

None 

47 0 

6 4 

DL-Alanme, 2 g per L 

47 2 

5 7 

nii-Alanine, 2 g per L, and) 



PL-Serine, 2 g per L / 

4o iS 


DL-Senne, 2 g per L 

47 7 

5 7 


TABLE 6 


Concentration of Zn, Fe, and Cu required for maximum yield 


OKGAKIS^I 

CO^C J 

Fe 

U:QCriS£I> /os UAX < 

Zn 

C520Wni 

Cu 


vtIL 

es/L 

es/l 

S cerevisiae y-30 

70 

200 

12-15 

S cerevisiae 49 

150 

150 


Mycotorula lipolytica p-13 

1 25 

70 

I 

T ntihs 3 

too 

25 

3 


* Not determined 


Trace metal requirements Several mmeral elements hate been found to be 
essential for the growth of yeast The amount of each element required is so 
small that great difficulty was encountered m removing the elements from the 
medium before growth responses could be determined In addition to magne- 
sium, potassium, and phosphorus, which are reqmred in relatively large 
zinc, iron, and copper have been found to be required in the range of 3 to 200 

micrograms per liter , „ i » 

It wiU be seen from figure 25, C, and D that, in the case of Saccharomyces 
cervimae y-30, cell yield was a logantbmic function of metal concentration, bu 
with Torulopsis utilis 3 the relation vas linear Further expenments liaie 
shown that Saccharomyces cerevisiae 49 also gave a loganthmic response, w icrca 

Mycotorula hpolyltca p-13 gav e a linear response a./Tpront 

Table 6 indicates the amounts of the trace elements required bj four di cren 
orgamsms It may be seen that ex en organisms within the same specie. 
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have identical quantitative requirements, whereas orgamsms of different genera 
have very different quantitative requirements 
The basal media v ere freed from each element to be tested by the procedures 
mentioned previously After punfication from iron the medium contained 0 6 
micrograms of iron per liter of medium The punfied zinc basal medium con- 
tained 1 5 micrograms of zinc per hter, and the copper basal medium contained 
0 8 micrograms of copper per liter 

A senes of other elements was tested for yeast growth stimulation, but none 
of the elements showed any effect at the concentrations tested 
Thalhum ivas found to have no effect on yeast growth when added to a medium 
that had previously been treated to remove T1+ The method of purification 
used was a dithizone extraction procedure done at pH 9 5 Several concentra- 
tions of thalhum were tned without success Among the concentrations tested 
was the one reported by Richards (1932) to be optimum for his yeast 
Added calcium has not shown any effect on yeast yields The effect of added 
calcium was tested on a punfied medium The medium without magnesium 
sulfate was extracted at pH 9 8 with eight 0 1-volume portions of 0 1 per cent 
8-hydroxyquinohne chloroform solution The final 8-hour extraction was 
done on the reciprocating shaker The qmnohne-metal complex and the excess 
qumohne were removed by eight 0 1-volume extractions with redistilled chloro- 
form Then part of the ammoma that had been used to adjust the pH to 9 8 
was removed under reduced pressure This decreased the pH to 7 5 The 
pH was then adjusted to 5 0 with redistilled hydrochlonc acid The magnesium 
sulfate was fractionally crystalhzed from approximately 50 per cent alcohol 
Five recrystalhzations were made The second of three crops of crystals was 
taken each time The punfied magnesium sulfate was added to the pH 5 0 
medium The amount of calcium in the punfied medium could not be deter- 
mined, since the methods that were available for detenmmng calcium were not 
sensitive to the amount of calcium present m 2 hters of the medium 
Manganese also did not have any effect on yeast growth After punfication 
the medium contained less than 0 5 micrograms of manganese per hter The 
procedure used for the removal of the manganese was identical with that used 
for removing thalhum Manganese did not have any effect even if the magne- 
sium concentration of the medium was decreased to a level that gave only one- 
half maximum growth 

Added boron, cobalt, iodine, and tin were also found to have no effect on the 
yield of yeast These elements were tested in the unpunfied basal medium 
Further expenments indicate that at least one additional element is required 
for TTiayiTinum yeast growth It was found that the ash from 1 hter of punfied 
medium, which contained 0 6 nucrograms of iron, when added to the punfied 
medium gave greater 5 ’^east growth than could be accounted for on the basis of 
its iron content Furthermore, as may be seen from figure 2B, the punfied 
medium m the presence of excess iron did not gix e juelds equal to those obtained 
on the unpunfied medium 

Effective aeration In the foUowmg discussion, the term “air flow” refers to the 
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rate at which air is supphed to a fermenter, and the term „ 




Figure S A Effective aeration measured b> sulfite oxidation B Yeast yields obtained 
at different effective aeration levels □ Represents yeast jield corrected for alcohol lost 
from the fermenter 

Figure ZA shows the values of effective aeration found in the 3 5-htcr fer- 
menter and m a 500-ml Erlenmeyer flask on a Gump rotary shaker The points 
on the curves represent effective aeration values at different liquid \ olumcs at 
different air flow rates The fermenter agitator speed was 1,100 rpm The 
shaker used for the flask aeration desenbed a 2y-inch circle 253 times per minute 
It was found that a hquid \ olume of 25 ml m the 500-ml Erlenmej er flask gai c 
maximum yields of j’^east From figure 3A it is apparent that the cffcctne 
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aeration of the 25-ml volume m the flask is only one-eighth of that attainable m 
the fermenter 

Figure 35 shows the yeast yields obtained at different effective aeration 
levels When more than 1 millimole of oxygen is available per hter of medium 
per minute, the yield of yeast begins to decrease It can be seen from flgure 
35 that this holds for both flask and fermenter That this decrease in yield is 
not due to loss of alcohol from the medium is shown by the pomt which was 
corrected for loss of alcohol This point was obtained by trapping all the 
alcohol blown out of the fermenter during the fermentation It was assumed 
that 100 g of alcohol would yield 70 g of yeast, and the yield was corrected 
accordmgly 

It IS important that the yield curve m the flask follow closely the yield curve m 
the fermenter This means that if optimal aeration conditions can be achieved 
in laboratory flask fermentations, optimal yields should be obtamed m a large 
fermenter designed to give the same effective aeration value as that of the flask 

summahy 

A synthetic medium has been devised that gave with Saccharomyces cerevtsiae, 
strain y-30, 5 33 g of dry yeast per hter of medium The medium contamed 10 
g of glucose and 2 5 g of L-asparagme per hter as carbon sources 

Biotin, calcium pantothenate, inositol, pyndoxine, and thiamine supphed the 
growth factor reqmrements of the yeast 

Natural matenals, such as com steep hquor and an extract of malt sprouts, 
when added to the synthetic medium did not increase the yeast yields 

Of 21 ammo acids tested, only alamne and senne could completely replace 
asparagine 

Saccharomyces ceremsiae y-30 was found to require 75 nucrograms of iron, 200 
micrograms of zinc, and 12 to 15 micrograms of copper per hter of medium 
Special procedures for reducing the metal content of the basal medium were 
found necessary 

The effectiveness of aeration in shake flasks and m a small fermenter was de- 
termined by the sulfite oxidation method of Cooper, Femstrom, and Miller 
(1944) 

A fermenter with high effective aeration is described With this fermenter it 
was possible to increase the effective aeration to levels that decreased the yield 
of yeast This decrease in 3 ueld was shown not to be from loss of alcohol 

REFERENCES 

Burkholder, P R 1943 Vitamin deficiencies in j easts Am J Botany, 30, 206-211 
Burkholder, P R , McVeigh, I , and Moyer, D 1944 Studies on some groirth factors 
of yeasts J Bact , 48, 385-391 

Cooper, C M , Fernstrosi, G A , and Miller, S A 1944 Performance of agitated gas- 
liqmd contactors Ind Eng Chem , 36, 504r-509 
DE Becze, G , AND Liebmann, A J 1944 Aeration in the production of compressed j east 
Ind Eng Chem , 36, 882-890 



246 B H OLSON AND MARVIN J JOH^SON [vOL 57 

Hac, Lttcille R , AND Snell, E E 1945 Microbiological determination of ammo acid« 
III Assay of aspartic acid with Leuconosloc mesenteroidcs J Biol Chem 169, 
291-294 

Jackson, S H 1938 Determination of iron in biological materials Ind Eng Chcm , 
Anal Ed , 10, 302-304 

JosLTN, M A 1941 The mineral metabolism of yeast Wallerstein Lab Commun , 4 
(11), 49-65 

Leonian, L H, AND Lilly, V G 1942 The effect of vitamins on ten strains of 5accAaro 
myces cerevtstae Am J Botany, 29, 459-464 

Richasds, O W 1932 The stimulation of yeast growth by thallium, a “bios” impuntj of 
asparagine J Biol Chem , 96, 405-418 

Sandell, E B 1944 Colorimetric determination of traces of metals Interscicnco Pub 
lishers, Inc , New York, N Y 

Shaffeb, P A , AND SoMOGTi, M 1933 Copper-iodometnc reagents for sugar detormiua 
tion J Biol Chem , 100, 695-713 

Singh, K , Agabwal, P N , and Petekson, W H 1948 The influence of aeration and 
agitation on the yield, protein, and vitamin content of food yeast Arch Biochcm , 
18, 181-193 

Thorne, R S IV 1945 Recent work on the nitrogen nutrition of yeast J Inst Browing, 
61, 114U126 

Van Lanen, J M 1947 The absorption of niacin by yeast Arch Biochem , 12, 101-111 

Williams, R J 1941 Growth-promoting nutrilites for yeast Biol Rev Cambridge 
Phil Soc , 16, 49-80 



THE ENHANCEMENT OF THE CHEMOTHERAPEUTIC ACTION 

OF PENICILLIN 

GLADYS L HOBBY, TULITA F LENERT, WILMA REED, and 
DOROTHY RINNE 

Biological Laboratory of Chas Pfizer and Company, Inc , Brooklyn, New York 
Received for publication November 22, 1948 

In a previous communication (Hobby et al , 1946), the possible effect of im- 
purities on the chemotherapeutic action of penicillin was discussed in detail 
The data presented were preliminary m nature, neither the nature of the en- 
hancing substance present m impure penicilhn nor the mechanism by w hich it 
acts was determined That the more common degradation products of pemcilhn 
are not in themselves responsible for enhancmg the activity of crystalhne 
penicillin G was suggested by the fact that enzyme- or alkah-inactivated crys- 
talhne G failed to enhance active crystalline penicillm G when mixed with it 

The present report is a continuation of the previous report and deals with 
subsequent observations on the nature of the factor or factors responsible for the 
enhancement of the action of penicillin 

Methods Throughout this study all compansons were made %n vivo Strepto- 
coccus pyogenes, strain CoosMv, was used as the infecting organism One ml 
of 10“^, 10“®, 10“*’, and 10“’' dilutions of a 14-hour rabbits’ blood broth culture 
was injected intrapentoneally into each of a series of 18- to 22-gram white mice 
A minimum of 10 mice per dilution of culture was used in each senes Treat- 
ment was started 2 hours after the infecting dose In some mstances the full 
dosage was admimstered in a single injection, m other instances 33 per cent of 
the total dose was administered at 2 hours, 33 per cent at 7 to 8 hours, and 33 
per cent at 24 hours after infection All penicillin was administered subcutane- 
ously in peanut oil Treated animals were observed for a period of 14 days 
A control senes of animals was included in each day’s experiment The 
untreated infection was uniformly fatal within 48 hours 

Material used Crystalline sodium penicilhn G having a potency of 1,634 
units per mg by the bioassay method and a Bacillus subtilis, Staphylococcus 
aureus differential ratio of 1 0 was used throughout The polanscopic assay 
of this preparation was 1,635 units per mg Ultraviolet absorption indicated 
the presence of penicillin G only 

The preparations of crystalhne procaine penicilhn dihydro-F used for this study 
were prepared from crystalline sodium penrcilhn dihydro-F All of the peni- 
cillin degradation products' were essentially pure The caproic acid, hexenoic 

* We are indebted to Dr R Pasternack of the Department of Research Chemistrj of 
Chas Pfizer and Company and to Dr E V Brown, formerly of this department and now 
with the Department of Chemistry, Fordham University, for the preparation of the crys- 
talline sodium penicillin G We are further indebted to Mr C J Sain ar of Chas Pfizer 
and Company for the preparations of crjstalline procaine penicillin dihjdro F and for the 
penicillin degradation products 
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acid, and capiylbc acid used were in the form of their sodium salts, each Mas 
appro^ately 95 to 100 per cent pure The pemlhc and penicilloic acids of 
peniciUms G and dihydro-F were likewise used in the form of their sodium 
salts Two pemcilhn G decomposition products, pemlhc acid and penicilloic 
acid, were crystallme in nature, the meltmg points being 190 to 191 C and 155 
to 156 C, respectively Those from pemcilhn dihydro-F were amorphous 
products and contamed small amounts of NaCl 
Activity of ‘penicillin fractions obtained by countercurrent dislribuhon A 
preparation of impure sodium pemcillin having a potency of 786 units per mg 


TABLE 1 

The chemolkerapeuHc activity of crystalline procaine penicillin dihydro Fagainsl 
hemolytic streptococcal infections* in mice 


sraciEs or wiocaijie PEinaixm 

CHVSTAXIINE PiocuNE prmrrr.r.m pnmso r 

Oxford units per mg 

987-1,010 

) 955 

Source of procame pemciUm 

Ciyslallme sodium pcDicillm dihydro-F 

Oxford units per mg 

1,650 

350t 

Dosage 

Chemotherapeutic activity (survival) 

unils 

[ 

% 

600 

1 75 


450 

70 


400 

64 


300 

35 

70 

150 

30 

70 

100 


82 

50 

20 

65 

Controls 

7 

0 


* Strain CioiMv, Streptococcus pyogenes A minimum of 10 mice Mere used for each 
dilution in each set One ml of a 10“^ dilution contained 1 to 10 lethal doses of streptococci, 
10-®, 10 to 100, 10-*, 100 to 1,000, 10-*, 1,000 to 10,000 All treatment was conducted bj the 
subcutaneous route 2 hours following administration of the infecting dose 

t Crystalline sodium penicillin dihydro-F (onginal potency 1,500 units per mg) degraded 
by standing at room temperature for a period of 12 months 


and known to be active in the enhancement of crystalline pemciUm G was 
fractionated by the Craig countercurrent distnbution techmque using a 25 tube 
senes ^ The potency of these fractions, as mdicated by the bioassay technique, 
ranged from 2 to 485 umts per mg, the B subtihs, S aureus differential ratio 
ranged from 0 33 to 1 00 Each sample was dissolved in distilled water to give 
a pemcilhn concentration of 1,000 umts per ml, and equal volumes of the resulting 
solutions that possessed similar B subtihs, S aureus differential ratios v\ ere 
pooled The dned pooled samples were diluted in oil and tested for cbemo' 
therapeutic action according to the method desenbed above A total ° 

25 umts per mouse was used throughout Control senes of animals were trea 

s We are indebted to Dr E V Brown for the fractionation of this material 
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TABLE 2 


The combined action of crystalline sodium penicillin G and the degradation produets of 
penicillin against hemolytic streptococcal infections* in mice 


EXPT 

ITNIOLLtN 

ENEANCINO AGENT 

CEEMOTHEEAPEXmC ACTIVITy 









NO 

Form 

Uluts 

Begradation 

product 

Mg 

No of 
mice 
mjected 

No of 
mice 
died 

Survival 

Enfiance 

ment 








per cent 

per cent 

1 

Crystalline 

ISO 

Penicillamine 

5 2 

20 


65 



sodium G 

150 

Na-caproate 

4 0 

20 






150 

Na-hexenoate 

4 3 

20 






150 

Na-capryllate 

4 0 

20 



-f 22 5 



150 



40 

13 

67 5 



Untreated controls 

20 

19 

5 


2 

Crystalline 

150 

para-Hydroxy- 

0 1 

40 

10 

75 

-1-20 


sodium G 


phenylacetic 

acid 








150 

ortho-'Ry~ 

0 1 

40 

20 

SO 




1 

drox 3 rphe- 

nylacetic 

acid 








ISO 

Phenacetunc 

0 1 

40 

17 

57 5 





acid 








150 



40 

18 

55 j 


! 

i 

Untreated controls 

40 

37 

IB 


3 

Crystalline 

25 

para-Hy- 

1 0 

20 

13 

35 

+15 


sodium G 


droxyphe- 

nylacetic 

acid 








25 

Phenacetunc 

1 0 , 

20 

15 

25 





acid 








25 



20 

16 

20 



Untreated controls 

20 

20 

0 


4 

Crystalline 

150 

Na-capryllate 

4 0 

60 

8 

86 7 

+14 2 


sodium G 

150 

Na-capryllate 

1 0 

40 

9 

77 5 

+5 



150 

Na capryllate 

0 0 

80 

22 

72 5 




100 

Na-capryllate 

4 0 

136 

31 

77 7 

+8 6 



100 

Na capryllate 

0 0 

136 

42 

69 1 



Untreated controls 

196 

188 

4 1 



* Strain CtojMv, Streptococcus pyrogenes A minimum of 5 to 10 mice were used for each 
dilution in each set One ml of a 10“^ dilution contained 1 to 10 lethal doses of strepto- 
cocci, 10^, 10 to 100, 10”', 100 to 1,000, 10”', 1,000 to 10,000 All treatment was conducted 
by the subcutaneous route 2 hours following administration of the infecting dose 
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w,th ciystallme pemcUm G and mft the onginal amorphous pemcllm poor lo 
fraobonatmn for eompansop The results mchcated that the factor ,esp«w” 
for the enhancement of pemcilhn was distnbuted throughout the senes Under 
conditions used, no separation of the active pnnciplc was 


TABLE 3 

The combined action of sodium penicillin and Ihe sodium salts of pentlltc and vemctUoic 
acids from crystalline penicillin G against hemolytic streptococcal infections* 


in mice 


DOSAGE 

THERAPEUTIC 

REGmEV 

THERAPEUTIC EmCT 

PcDiciIIin 

Enhancing agent 

No of 
mice 
injected 

No of 
mice died 

Survival 

Enhincc 

ment 

Fonn 

Units 

Form 

Mg 





hours 



i>tT ant 

fer tent 

G 

100 

Penillic G 

1 

2,7,24 

48 

7 

85 4 



100 

Penicilloic G 

1 


48 

6 

87 5 



100 




32 

4 

87 6 



100 

Penillic G 

1 

2 

47 

20 

67 4 


1 

100 

Penicilloic G 
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* Strain CjojMv, Streptococcus pyogenes A mmimum of 6 to 10 mico were used for each 
dilution in each set One ml of a 10~’ dilution contained 1 to 10 lethal doses of strepto 
COCCI , 10-', 10 to 100 , 10-', 100 to 1 ,000 , lO-', 1 ,000 to 10,000 All treatment was conducted 
by the subcutaneous route 2 hours following administration of the infecting dose 

Aciimly of 'procaine penicillin dihydro-F Three preparations of crystalline 
procaine pemcilhn dihydro-F, having potencies of 987, 1,010, and 955 units per 
mg, were used Two of these had been prepared from ciystalline sodium peni 
cilhn dihydro-F, and one from a preparation of ciystalhne sodium pcrncillm 
dihydro-F having an original potency of 1,500 umts per mg and a final potenej 
of 350 umts per mg after 12 months at room temperature 
Mouse protection tests were made using these preparations and the method 
pretnously desenbed As shown in table 1, 50 umts of the preparation o 
procaine pemcilhn dihydro-F that had been prepared from degraded sodium 
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penicillin dihydro-F were capable of protecting 65 per cent of the infected 
animals Under the expenmental conditions used, 400 umts of each of the 
other preparations were necessary to produce this degree of protection 


TABLE 4 

The cotiibtned aclion of sodium penicillin and the sodium sails of pemlltc and penicilloic 
acids from penicillin dihydro-F against hemolytic streptococcal infections in mice 
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The theoretical potency of procaine pemciUin dihydro-F is 986 umts per mg, 
the potency of the preparation descnbed above was 955 umts per mg Only a 
Rmn.11 amount of impunty thus existed m this preparation (not more than 
17 lig per 50-umt dosage), and it is apparent that the factor or factors m this 
preparation responsible for the enhancement of pemciUm were capable of acting 
in extremely low concentrations 

The fact that this preparation had been made by the interaction of procaine 
hydrochloride and degraded sodium pemcillm dihydro-F, containing onl 3 ’- 
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I^mciUm dihydro-F and its degradation products, suggested the posabihty that 
the degradation products of penicillin dihydro-F may play some part m en 
hancing the action of pemcdhn A systematic study was, therefore, undertaken 
to determine the effect of the degradation products of pemcilhnsX, G, dihydro-F, 
and K upon the chemotherapeutic action of crystalhne pemcilhn G 
Activity of the degradation products of penicillin Insofar as possible, highli 
purified preparations of the vanous degradation products of pemcilhns X, G, 
dihydro-F, F, and K tv ere used Mouse protection tests were conducted in the 
usual manner usmg crystalhne pemciUm G in combination with small amounts of 
the degradation products The results are illustrated in tables 2, 3, and 4 
Certam of the degradation products could not be obtamed Of those tested 
only paro-hydroxyphenylacetic acid, capiylhc acid, and the peniUic and pern 
cilloic acids appeared to be capable, m the concentrations used, of enhancing the 
action of crystalhne pemcilhn G 


DISCUSSION 

It is a well-recogmzed fact that early amorphous pemcilhn contained v'^arjing 
proportions of pemcilhns X, G, dihydro-F, F, and K It is, furthermore, recog 
mzed that impure pemcilhn contams varjong amounts of the degradation 
products of these pemcilhns That impure pemcilhn possesses greater chemo- 
therapeutic action than ciystalhne pemcilhn G agamst certam experimental 
infections has been discussed m detail elsewhere (Hobby et al , 1946, 1947) 
The present report is mcomplete m that only a portion of the pemcilhn degrada 
tion products have been tested The number of animals used is small Pre- 
hminaiy data are presented, however, that suggest that certam of the degrada- 
tion products of pemcilhns G and dihydro-F may enhance the chemotherapeutic 
actixuty of ciystaUine pemcilhn G, and of highly purified pemciUm dihydro-F 
Although msufficient data are available at present, it seems possible that the 
combined action of the vanous forms of pemcilhn with their degradation products 
may^ be responsible for the greater chemotherapeutic effectiveness of amorphous 
pemcilhn than of cr 3 ’’stalhne pemcilhn G It has been reported previously that a 
number of substances other than the pemcilhn degradation products enhance 
pemciUm It is conceivable that all of these are contammated with trace 
amounts of an umdentified substance and that none are responsible, in them- 
selves, for the enhancement effect 


SUXIMART 

Data are presented to suggest that, under certain expenmental condition, 
certam of the degradation products of pemcilhn are capable of enhancing slight j 
the action of crystaUme pemciUm G and of highly punfied pemcilhn dihydro-t 
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Knowledge of the nutntive requirements of the gram-positive nonspore- 
forming bactenaJ phytopathogens is decidedly mcomplete A study of this 
subject was undertaken as part of a comprehensive investigation of the metab- 
olism of plant-disease bacteria The present report deals with the minimal 
nutntive requirements of six gram-positive species, which have recently been 
transferred from an appendix of the genus Phytomonas (Breed et al , 1939) to 
the genus Corynebactenum (Dowson, 1942, Breed et al , 1948) C fasctans, 
C flaccumfaciens, C insidtosum, C michiganense, C poinsetttae, and C 
sepedomcum 

The methods and guiding principles of this study are identical with those used 
m the preceding investigations of this senes (Starr, 1946a, 6) Cultures, ob- 
tained from diverse sources as hsted in the appropriate sections below, were 
checked for punty, identity, and, in some cases, for virulence Nutntional re- 
quirements were determined with the same NH 4 CI, glucose, and salts basal 
medium used previously All expenments were conducted with lO-ml volumes 
of media contained in 25- or 50-ml Ehrlenmeyer flasks, which were covered by 
beakers or plugged with absorbent cotton Inoculations were made via dilution 
flasks using capillary pipettes, and usually 10 ‘ to 10 ^ viable cells were transferred 
to each 10 ml of medium Cultures were incubated at 28 C except when noted 
When quantitative expressions of turbidity were needed, they were obtained by 
measunng the optical density of the culture in the Evelyn colorimeter using the 
620 m^i filter 

By means of screemng expenments, it was possible to establish the general 
nutritional patterns of the vanous species that were studied None of the 
gram-positive phytopathogens grow m the NH 4 CI, glucose, and salts basal 
medium All cultures grow upon the addition of a vitanun mixture,^ and most 
of them needed, in addition to the vitamms, casern hydrolyzate (General Bio- 
chemicals brand, “vitamm-free”) A few isolates grow well only when yeast 
extract is added to the casem-vitamin medium Further expenments, con- 
ducted in the casein hydrolyzate medium, wherein individual vitamins were 

' National Research Council Fellow, 1944-1946 A portion of this work was conducted 
at the Hopkins Marine Station of Stanford University, Pacific Grove, California, during 
tenure of these fellowships Some of the introductory experiments were performed at 
Brooklyn College, Brooklyn, New York, and Haskins Laboratories, New York 17, Nen 
York The kind co-operation of Manley Mandel, S H Hutner, and Phoebe Betty Starr is 
gratefully acknowledged 

’ Containing p aminobenzoic acid, biotin, choline HCl, folic acid, inositol, nicotinic 
acid, calcium pantothenate, pyxidoxine, riboflavin, thiarmne HCl 
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omitted one at a time from the latamm mixture, gave information on the actiic 
^owth-promotmg components of the vitamm mixture for each of the culture^ 
The quantitative response to each of the necessaiy vitamms was then established 
by measuring the turbidity developed upon the addition of graded quantities of 
the ^ven vitamm to a deficient medium FinaUy, using the basal medium 
supplemented by optimal concentrations of the necessary vitamins, an effort 
was made to replace the casern hydrolyzate by other sources of ammo acids, such 
as gelatm hydrolyzate, or a mixture of crystalhne ammo acids (resemblmg m 
composition hydrolyzed casern) Presentation and discussion of the results can 
be accomplished most convemently by treating separately each of the species 
mvestigated 


COErNEBACTEEIUJI FASCIANS 


Ten cultures of this species were studied These had been received from 
E M Hildebrand, Ithaca, New York, A Davey, Guelph, Ontario,? E Tilford, 
Wooster, Ohio, A J Riker, Machson, Wisconsin, and D G R Wyckoff, 
Wellesley, Massachusetts Both rough and smooth strains were included 
AH the cultures, except one, caused typical symptoms of fasciation (Tilford, 
1936) when moculated by pmpneks into the crowns of sweet pea seedlmgs 
All ten cultures grew in the NH<C1, glucose, and salts basal medium sup 
plemented only by thiamine Casern hydrolyzate was not needed, although 
the rate of growth and final crop were mcreased somewhat by the addition of 
“vitamin-free” casern hydrolyzate to the thiamme medium Full growth occurs 
at thiamme levels* of about 0 1 microgram per 100 ml of medium, but detectable 
growth takes place at one-tenth this concentration These results may seem 
contradictory to the statement made by Starr and Weiss (1943), who reported 
that C fasaans grew through four senal transfers m a synthetic medium, at that 
time beheved free of vitamins, contaimng asparagine of natural ongin as the 
sole source of carbon and mtrogen The discrepancy can now be explained on 
the basis of an analysis (Stokes, Gunness, and Foster, 1944) of the Mtamin 
content of natural asparagme, which reports a contamination of that matcnal 
wuth about 1 microgram of thiamme per gram Since the medium used by Starr 
and Weiss contamed about 0 5 per cent of asparagine, thiamme was inad\ ert- 
ently incorporated at a concentration of about 0 5 micrograms per 100 ml" 
more than enough thiamme to permit full growth of this species 
For the smgle stram of C fasaans so tested, thiamme could be replaced by a 
mixture of the thiazole and pynmidme moieties, by the pynmidme alone, or by 
cocarboxylase, but not by the thiazole alone 


‘ It should be noted that the values for concentration of thiamine and other gro'^th fac 
tors refer to the quantities that were added to the medium before autoclaving Accor 
inglj , in view of the thermal destruction of thiamme, the absolute values of thiamme con 
centration mentioned in the text probably do not represent the exact amounts > 

supplied Although the data of Beadle, Greenwood, and Krajbil! (1943) permit a ro g 
estimation of thiamme breakdown, no estimate of the loss m 
jasetans can be made smee some of the fragments of the thiamme molecule which remi 
heat decomposition maj still be usable b> some bactena 
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The foregoing findings regarding an obligate thiamine requirement of C 
Jascians help to explain the meager or vaiying growth and acid production that 
Lacey (1936, 1939) and Tilford (1936) observed in various synthetic media that 
they had used for determinative tests Inasmuch as their basal media did not 
contain added thiamine, the abihty of C fasctans to grow and to metabohze 
(“ferment”) the vanous carbon sources depended not only upon possession of the 
proper sugar-dissimilatmg mechanisms, but also upon chance contanunation of 
the carbon sources or the inoculum with enough thiamme With the increasmg 
use of synthetic media in determinative bactenology, one must guard against 
false negative results by the proper design of basal media 

CORTNEBACTERlUM FLACCUMFACIENS 

This species was represented by 9 isolates that originated from W H 
Burkholder, Ithaca, New York, the Amencan Type Culture Collection, 
Washington, D C , F Hedges, Washington, D C , and C Stapp, Berhn-Dahlem 
As might have been predicted from the hterature on this organism (Hedges, 
1926, Burkholder, 1930), which reports the mabihty of this species to grow, 
presumably from large inocula, in certam synthetic media, there was no growth 
in the basal medium By the methods descnbed above, it was determmed that 
all strains grew promptly (except one stram that grew slowly but, eventually, 
well) in the casein hydrolyzate medium supplemented by biotin, pantothenate, 
and thiamine 

The minimum quantities (expressed as micrograms of growth factor per 100 
ml of medium) of each vitamin that permit full growth are biotin, 0 003, pan- 
tothenate, 3 , and thiamine, 0 1 Biotm can be completely replaced by the 
hydrosulfate of 3,4-dianuno-tetrahydro-2-thiophene-valeric acid, but not by 
pimehc acid or dexiro-desthiobiotm Pantothenate cannot be replaced by 
pantoyl 1-lactone, /3-alanme, or a mixture of the two Thiamme can be com- 
pletely replaced by cocarboxylase, or by a mixture of the thiazole and pynm- 
idme fragments of thiamme, with a considerable reduction m the rate of 
growth and final crop, either the thiazole or the pyrimidine can substitute for the 
intact thiamme The casern hydrolyzate can be replaced by a mixture of the 
appropnate pure a mm o acids, m the absence of any ammo acid, most of the 
strains grow very slowly 

CORTNEBACTERlUM INSIBIOSUM 

Cultures of the alfalfa wilt bactenum were obtamed from P A Ark, Berkeley, 
California, W H Burkholder, Ithaca, New York, and F R Jones, Madison, 
Wisconsm Ten to 14 isolates were used at different times The study included 
strains that, with respect to ability to form the typical blue extracellular pig- 
ment, ranged from scanty to considerable Experiments with this species uere 
conducted at 22 C m view of the optimum growth temperature reported by Jones 
and McCulloch (1926) 

All isolates required the addition of biotm, mcotinic acid, and thiaimne to the 
casein hydrolyzate basal medium Even with these additions, grov th v as still 
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rather slow, usuaUy 10 to 14 days were required for moderate development of the 
cultures However, yeast extract broth penrutted comparable growth m not 
less than about 6 to 8 days, so that the degree of growth stimulation b} as jet 
umdentified components of the yeast extract is only moderate 
The blue extracellular pigment, formed by this species in numerous complex 
media, was not observed m any of the relatively simple media used in this 
mvestigation 


CORVNEBACTERItr&I MICHIGANENSE 

Ten isolates of this species were studied These ongmated from W H 
Burkholder, Ithaca, New York, Maiy K Bryan, Washmgton, D C , W J 
Howson, Cambridge, England, and P A Ark, Berkeley, California Ark’s 
(1946) acenaphthene-mduced white mutant was included and behaved, mth r^ 
spect to nutritional requirements, m the same manner as the normal yellow 
strams 

In the casern hydrolyzate medium all ten isolates required supplements of 
biotm, mcotimc acid, and thiamme The lowest concentrations (expressed as 
micrograms of vitamin per 100 ml of medium) of these essential growth factors 
that permit full growth are biotm, 0 01, mcotimc acid, 5, and thiamme, 03 
Biotm is completely replaced by the hydrosulfate of 3,4-diamino-tetrah}dro-2- 
thiophene-valenc acid, but not by pimehc acid or dertro-desthiobiotm Nico- 
tinamide can substitute for mcotimc acid Thiamme is completely replaceable 
by cocarboxylase, or by a mixture of the thiazole and pynmidine moieties, but 
not by either substance alone 

One otherwise typical culture of <7 rmchtganense required, m addition to the 
three vitamms, tryptophan at a level of 5 mg per 100 ml of medium, the other 
nine cultures were mdifferent to this ammo acid When the casein hydrolyzate 
was omitted, none of the cultures grew more than shghtly even when the afore- 
mentioned vitarmn requirements were met, however, the casein hydrolj’zate 
could be replaced by a mixture of pure ammo acids 

These findmgs corroborate the expenences of earher workers, such as Smith 
(1914), Bryan (1930), and Mushm (1938), who had noted in a general waj the 
exacting nature of this species’ nutation 

CORTNEBACTERrUM POUvSETTIAE 

None of the 14 cultures of C potnseUtae studied by Starr and Pirone (1912) 
grew m simple, vitamm-free media, even from comparatively large mocula m 
the present mvestigation, this observation is confirmed and the neca'sarj’ 
accessory growth factors m casern hydrolyzate media were demonstrated as 
biotm, pantothenate, and thiamme The concentrations (expressed as micr^ 
grams of vitamm per 100 ml of medium) of the three vitamins that permit fu 
growth m the casern hydrolyzate medium are biotm, 0 003, pantotheMte, , 
and thiamme, 01 Biotm is completely replaceable with the hj drosulfa c o 
3 4 -diammo-tetrahydro- 2 -thiophene-vaIenc acid, but not by pmehc acid, or y 
d^ro-desthiobiotm Pantothenate cannot be replaced by a mixture of pan j 
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1-lactone and | 8 -alanine, nor by either substance alone Thiamine is completely 
replaced by cocarboxylase or by a mixture of the thiazole and pynmidme and, at 
a considerably reduced growth rate, by either the thiazole or the pynmidme 
In the presence of the three vitamins, casern hydrolyzate can he largely replaced 
by the mixture of pure ammo acids, but cannot be eliminated completely 
This ma}'' be the place to record an interesting observation on the relationship 
between the quantity of thiamme added to the medium and the pigmentation of 
the cells of C potnseiliae In descnbmg this orgamsm (Starr and Pirone, 1942), 
it had been noted that the color on different media ranged from hght salmon or 
flesh color to fairly bnlhant reds When this orgamsm was cultured m other- 
wise adequate synthetic media m which the thiamme concentration was bemg 
vaned, the color of the cell sediment in the flasks was seen to be a bnUiant pink 
at low thiamme concentrations, whereas at thiamme levels well above the 
maximum needed for growth the pigmentation was hghtened to pale orange or 
yellow 


CORYNEBACTEHIUM SEPBDONICUM 

The nutntive requirements of this species have been exammed by Skaptason 
(1943) Inasmuch as the simplest medium used by him contamed, among other 
thmgs, peptone, the exact nutntional needs of C sepedomcum remained in 
question In the present study, 8 to 12 isolates were used at different times, 
these had been obtained from L C linorr and W H Burkholder, Ithaca, New 
York, P A Ark, Berkeley, California, J G Leach, Morgantown, West Virginia, 
and H N Racicot, Ottawa, Canada AH experiments with this species were 
conducted at 22 C m view of Skaptason’s (1943) findmgs on the maximum growth 
temperature of this species 

All cultures grow, albeit m some cases slowly, m the casem-vitamm medium 
The active vitamms are biotm, mcotmic acid, and thiamme An umdentified 
factor, present m yeast extract, is capable of acceleratmg to a moderate extent 
the growth rate of about half of the isolates 

SUMMARY 

The minimal nutntive requirements of six species of gram-positive phyto- 
pathogemc Coryneiaclenum were detenmned under conditions of controlled 
inoculum size and carefully prepared glassware and media All species required 
obhgately additions to the NH 4 CI, glucose, and salts basal medium, as follows 
C fascians, thi amm e, C flaccumfaciens and C poinsettiae, amino acids, biotm, 
pantothenate, and thiamme, C tnsidtosum, C michiganense, and C sepedomcum, 
ammo acids, biotm, mcotmic acid, and thiamme Moderate growth-stimulating 
effects were noted with some strams of C tnsidtosum and C sepedomcum upon 
additions of yeast extract to the casern-vitamins medium 

REFERENCES 

Abe, P a 1946 Mutation in certain phytopathogenic bactena induced by acenaph- 
thene J Bact , 61, 699-701 



258 


MORTIMEH P STARR 


(voL 57 


Beadle, B W , Greenwood, D A , and ICraybill, H R 1943 Stabilit> of thnmmt to 
heat I Eflfect of pH and buffer salts in aqueous solutions J Biol Cbem 1<<1 
339-347 ’ 

Breed, R S , Murray, E G D , and Hitchens, A P 1939 Bergei 's manual of deter 
minative bacteriology 5th ed Williams & Wilkins Co , Baltimore, Md 
Breed, R S , Murray, E G D , and Hitchens, A P 1948 Bergej's manual, of deter 
minative bacteriology 6th ed Williams A Wilkins Co , Baltimore, Md 
Bryan, M K 1930 Studies on bacterial canker of tomato J Agr Research, 41, S’o- 
851 

Burkholder, W H 1930 The bacterial diseases of the bean A comparalnc studi 
Cornell Univ Agr Expt Sta , Mem 127 

Dowson, W J 1942 On the genenc name of the gram-positive bacterial plant pathogens 
Trans Brit Mycol Soo , 26, 311-314 

Hedges, F 1926 Bacterial wilt of beans (fiaclenum fiaccumfactens Hedges), including 
comparisons with Baclenum phaseoh Phytopathology, 16, 1-22 
Jones, P R , and McCulloch, L 1926 A bacterial wilt and root rot of alfalfa caused bi 
Aplanobacter tnsidiosum McCulloch J Agr Research, 33, 493-521 
Lacey, M S 1936 Studies in bacteriosis XXII I The isolation of a Baclcnvm nsso 
mated with “fasciation” of sweet peas, “cauliflower” strawberry plants and "leaf} 
gall” of various plants Ann Applied Biol , 23, 302-310 
Lacey, M S 1939 Studies in bacteriosis XXIV Studies of a bacterium associated 
with leafy galls, fasciations and “cauliflower” disease of various plants Part HI 
Further isolations, inoculation experiments and cultural studies Ann Applied Biol , 

26, 262-278 

Mushin, R 1938 Studies in the physiology of plant pathogenic bacteria The food re 
quirements of a xylem invader, Baclenum solanacearum E F S , and of a phloem m 
vader, Aplanobacter michtganense E F S Australian J Exptl Biol Med Sci , 
323-329 

Skaptason, j B 1943 Studies on the bacterial ring-rot disease of potatoes Cornell 
Umv Agr Expt Sta , Mem 250 

Smith, E F 1914 Bacteria in relation to plant diseases Carnegie Inst Wash , Pub 

27, 3, 161-165 

Starr, M P 1946a The nutrition of phytopathogenic bacteria I Minimal nutriti'c 
requirements of the genus Xanthomonas J Bact , 61, 131-143 
Starr, M P 19466 The nutrition of phytopathogenic bacteria II The genus Agra 
bacterium J Bact , 62, 187-194 

Starr, M P , and Pirone, P P 1942 Phytomonas potnselliae n sp , the cause of a use 
tenal disease of poinsettia Phytopathology, 32, 1076-1081 
Starr, M P , and Weiss, J E 1943 Growth of phytopathogenic bacteria m a svntbctic 
asparagin medium Phytopathology, 33, 314-318 
Stokes, J L , Gunness, M , and Foster, J W 1944 Vitamin content of ingredients oi 
microbiological culture media J Bact , 47, 293-299 
Tilfobd, P E 1936 Fasciation of sweet peas caused by Phytomonas fascians n sp 
J Agr Research, 53, 383-394 



A SEROLOGICAL STUDY OF PROTEUS RETTGERI 
AND SIMILAR ORGANISMS 

ELIZABETH J COPE and JOSEPH A KASPER 
Detroit Department of Health Laboratory, Detroit, Mtehigan 

Received for publication December 1, 1948 

In 1942 a report was made on the studies of a group of citrate-positive or- 
ganisms, isolated from fecal specimens in the course of examinations for enteric 
pathogens, that could not be classified biochemically or serologically in any of the 
established groups (Cope and Kilander, 1942) They were gram-negative 
anaerogemc bacilli, resembhng shigellae m most of their biochemical reactions 
Lactose was not fermented and gas was not produced from glucose dunng a 
30-day penod of mcubation at 37 C Although motihty was not usually ob- 
served at the time of isolation, most of the transplants showed growth of or- 
ganisms that were motile Serologically there was no relationship to the 
Salmonella, Shigella, or Eberthclla groups One of the strains, designated as 
1544, was selected as the type strain and was used m the prepaiation of anti- 
serum This serum agglutinated many of the strains that weie biochemically 
similar, but no attempt was made at that time to place these strains in any of the 
recogmzed tribes 

Since the pubhcation of that report, other observers have encountered and 
reported on similar strains In Bergey’s Manual (Breed et al , 1948) the strains 
that decompose urea are classified as Proteus rettgen and those not decomposing 
urea as Paracolobaclrum It is not the purpose of the present study to prove or 
to disprove such classification Orgamsms of this type are frequently isolated 
from specimens received from cases of acute dysentery, and because we have in 
several instances been able to demonstrate homologous agglutimns in the blood 
of patients harboring such orgamsms, we feel that they may have a place in the 
list of mcitants of entenc disorders It was our purpose in undertaking this 
study to determine (1) whether these orgamsms constitute one or more distinct 
serological groups possessing specific L, H, and 0 antigens, (2) whether this 
group could be classified by serological methods m the same manner as the 
Salmonella and the Shigella paradysentenae groups, and (3) whether it is possible 
to demonstrate agglutimns in the sera of patients harbonng these orgamsms 
Five strains were selected as type strains for this study and were designated by 
the letters A (strain 1544), B, C, D, and E The essential biochemical reactions 
of each of these type strams are outhned m table 1 Strains not decomposing 
urea when cultured on the medium of Rustigian and Stuart (1941) were trans- 
ferred to Chnstensen’s medium (1946) There was no evidence of urea de- 
composition in either of these media by the two type strams D and E 
Agglutination tests revealed no Shigella antigens to be present m any of the 
type strains A Proteus morganii antiserum, likewise, did not agglutinate any 
of the five strains Tests were also made for Salmonella antigens by Dr P R 
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Edwards (1947) He reported as follows “Culture no 1544 was agglutinated 
very actively by Salmonella kentiicly 0 serum (VIII, XX) but not bj Sdmondb 
newpoH (VI, VIII) serum It appears, therefore, that this culture possesses all 
or a fraction of antigen XX No other 0 relationships were found The teats 
for Salmonella H antigens were completely negative ” 

Three antisera were prepared for each type stram, according to the procedure 
suggested by Dr F Kauffmann (1946) H sera were prepared by injecting 
rabbits with 5- to 6-hour broth cultures of actively motile organisms, presen ed 
in 0 5 per cent formahn L sera were prepared by injecting rabbits with saline 
suspensions made from washed 24-hour growths from tiyptose agar slant-; 
The antigens for the 0 sera were 18-hour broth cultures heated for 2} hours 
at 100 C and preserved with 0 25 per cent formalm Each rabbit receii ed 4 
intravenous mjections at 5-day mtervals The amount of antigen used for each 
injection was 0 25 ml, 0 5 ml, 1 ml, and 2 ml, respectively 
Antigens for the agglutination tests were prepared m the same manner as those 
for the injection of the rabbits All tests were made by the tube method in 

TABLE 1 


Biochemical reactions of type strains 



KOTILITY 

tXHEA 

INDOLE 

uannitol 

SUCSOSE 

KS 

y? 

A 

+ 

-t- 

+ 

mmm 

Acid 

-f 


B 

+ 

-f- 

+ 


Acid 

"h 

- 

C 

+ 

-b 

+ 


Acid 

■f 

- 

D 

Sluggish 

— 

+ 

Negative 

Acid 

+ 

— 

E 

+ 

— 

+ 

Acid (7 days) 

Acid 

+ 



dilutions of 1 40 through 1 5,120 The H agglutinations were made in the 
water bath at 54 C for 2 hours, the O agglutinations at the same temperature 
but for 18 hours, and the L agglutinations at 37 C for 2 hours The tubes con 
taimng the H and L antisenim-antigen mixtures were placed in the refngerator 
overnight before final reading 

In order to ascertain the degree of cross agglutination between the type strains, 
each serum was tested agamst the L, H, and 0 antigens of all of the fi\ e strains 
The results are listed in table 2 These results also indicate the presence of L 
antigen, since m the presence of O serum the agglutination of living organisms is 
somewhat mhibited and, according to Kauffmann, L antigen is a substance re^ 
sponsible for the inagglutmabihty of livmg cultures in the presence of homologous 


O serum , , . _ 

One hundred and thirty-four biochemically similar strains that had occ 

isolated from fecal specunens studied were subjected to serological test-; . 
L and O antigens were prepared for each of these strains These antigens w 
then tested against the respective phase antisera for the fi%e strains desen 
sbo™, emplopng dilufaons of 1 40 tbrough 1 640 Twenty-three oMhe^Sj 
Strains did not show agglutination when tested with the tjTc antnera 








TABLE 2 

Cross agglultnalton of type sJrains 
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TABLE 3 

Biochemical reactions of 111 strains agglutinated by antisera for type slraim 
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5 

1 
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6 

5 

7 

1 
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0 

1 

0 

i 
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Berger 53028 
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0 

0 

0 

1 

Berger 58511 
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0 

1 

0 

1 

Stuart 33111 


1 

1 

1 

1 
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TABLE 4 

Positive agglutinations for 111 strains using antisera for 6 type strains 
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TABLE 5 


Serologic studies of 26 cases and of the organisms isolated from each 



A 

B 
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Type antigen 
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5 

3 

2 
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H 

9 

7 
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2 

1 
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3 

5 

3 

1 
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4 

1 

16 
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1 
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7 

12 

7 
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2 
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hundred and eleven were found to possess anfagemc components 
m the type strains In 34 the L, H, and O antigens were found to be si 
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those of a type strain Twenty-thiee gave evidence of possessing two antigenic 
factors, and 54 were agglutinated in one phase only No attempt was made to 
absorb the type sera, and cross agglutination occurred m some instances How- 
ever, when present, it was usually in low titer It was possible, therefore, to 
classify tentatively the 111 strains in one or another of the type strams 
In addition, the following four strains, Wakefield-Berger 50, Berger 53028, 
Berger 58511, and Stuart’s 33111 were subjected to the same analysis The 
results of this analysis and a summary of the biochemical and serological re- 
actions for the entire group are presented in tables 3 and 4 
The possibihty of the presence of alpha agglutimns in the sera was entertamed, 
but since the "B Wakefield” strains were agglutmated by only one of the type 
sera, this was considered unli kely 

In order to determine whether this group of orgamsms was capable of stimu- 
lating the production of agglutimns m the sera of patients harbonng them, sera 
were obtained from 26 persons from whom citrate-positive anaerogemc bactena 
had been isolated After the isolation was completed, it was necessary to contact 
the physicians caring for the patients and request the submission of a blood 
sample The length of time intervemng between the submission of the fecal 
specimen and the procurement of serum for agglutination tests therefore varied 
from a week to six weeks Agglutination tests usmg the patient’s serum and the 
L, H, and 0 antigens of each of the five type strains and of the organisms isolated 
from the person were performed The results of this study are shown in table 5 
Although the results from this study are in no way conclusive, it is indicated 
that this group of orgamsms is capable of stimulating the production of ag- 
glutimns m patients 

Durmg a two-week period, citrate-positive anaerogemc bactena of similar 
type were isolated from 25 individuals submitting fecal specimens to the labora- 
tory Smce these persons were from a particular section of the city, it was 
deemed advisable to attempt a study of the possible source of infection The 
Food Division of the Detroit Department of Health obtained samples of vanous 
fresh vegetables and of the ice in which they were packed directly from the 
refngerator cars 

Orgamsms biochemically and serologicaly similar to these isolated from the 
patient’s fecal specimens were obtamed from the following vehicles parsley in 
ice, ice from carrots, ice from broccoh, and lettuce and the ice m which it was 
packed 


DISCUSSION 

It IS apparent that there are a number of antigemcally distinct groups of ci- 
trate-positive, anaerogemc bacilh having similar biochemical charactenstics 
Strams, tentatively designated as A, B, and C, showmg the biochemical reactions 
of Proleus rettgen exhibited distinct antigemc factors Those classified as D 
and E did not present such a sinking picture However, the number of strains 
included m the last two groups is suflScient to suggest antigenic relationship 
Each of the strains studied was subjected to only one senes of agglutination tests 



264 


ELIZABETH J COPE AND JOSEPH A KASPEB 


[vOL 57 


Agglutination tests on repeated transplants might have resulted m the cla&i 
fication of the 23 strains that were not agglutinated in the course of the fin,t 
analysis On the other hand, it is possible that additional factors exist m strains 
other than those that were selected for our type strains Whether complete 
classification of this group on an antigenic basis is feasible or even practical 
cannot be determined from the study that it has received to date 
The demonstration of agglutinins in the sera of patients harboring citrate 
positive anaerogenic organisms in the feces presents the problem of the role of 
these organisms as incitants of enteric disorders 


SUMMARY 

L, H, and 0 antigemc factors were demonstrated in 111 strains of Proteus 
rettgen and similar gram-negative bacilh isolated from fecal specimens 

The feasibility of classification based on antigemc structure is suggested by our 
results 

The production of agglutimns in the sera of patients harbonng this group of 
microorganisms indicates the possibility that they play a role in inciting entenc 
disorders 
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NOTES 

CULTIVATION OF TRYPANOSOMA CRUZI IN LIQUID MEDIA 

ANGUS SAMPATH and PAUL LITTLE 
Ledcrle Laboratories Division, American Cyanamid Company, Pearl River, New York 

Received for publication November 6, 1948 

In a previous report, Little and SubbaRow (J Bact , 60, 57, 1945) showed that 
Trypanosoma cruzi may be cultivated in a solution of peptone, glucose, and 
sodium chlonde in contact with granulated coagulum of rabbit red blood cells 
By using a more ennched basal medium, we have been able to grow Trypano- 
soma crnzi m the coagulum-free filtrate obtained by extractmg freshly prepared 
coagulum of rabbit red blood cells with basal medium 


Formula for enriched basal medium 


% 


1 

Peptone (Difco) 

1 

“Casamino acids*' 

0 5 

Sodium chloride 

0 2 

Glucose 

10 mg 

/3-Alanine 

10 mg 

Glycine 

2 mg 

Folic acid 

2 mg 

Nicotinamide 

2 mg 

Thiamine 

2 mg 

Choline 


Optional 1 per cent corn steep liquor, free of alkaline precipitate (The corn steep 
liquor was adjusted to an alkaline pH, filtered, and neutralized before use It prolonged 
the viability of cultures ) 

The ennched basal medium has been used in our laboratory for over two years 
It has been found more satisfactory than the ongmal medium for certam strains 
of Trypanosoma cruzi It may be used with coagulum of rabbit red blood cells 
as previously descnbed, or the medium may be activated by adding 10 grams of 
semidry, fresh coagulum per 100 ml, mixmg m a Warmg blender, and filtenng 
The activated filtrate is stable on autoclaving and may be stored for several 
months m a refngerator 
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A NEW SELECTIVE MEDIUM FOR THE QUANTITATRT] 
DETERMINATION OF MEMBERS OF THE GENUS 
PROTEUS IN MILK 


ARNOLD J ZARETT and RAYMOND N DOETSCH 
Department of Bacteriology, University of Maryland, College Pari, Maryland 

Received for publication November 8, 1948 

A pour plate medium has been developed which is selective for membera of 
the genus Proteus and inhibitory for other organisms commonly found m milk 
This medium is of the following composition 


Sodium ncinoleate jO g 

Urea 20 g 

Yeast extract j g 

Potassium phosphate (monobasic) 1 g 

Potassium phosphate (dibasic) 1 g 

Sodium chloride 5 g 

Agar 30 g 

Cresol red (1 6 per cent alcoholic solution) 6 ml 

Water to make 1,000 ml 

pH 6 9 


In the preparation of the medium, urea and the phosphate salts are sterilized 
together by Seitz filtration and added aseptically to the agar m the required 
concentration before pounng The remaining mgredients are adjusted to 
pH 7 0 and autoclaved 20 mmutes The appearance of the medium in a pour 
plate IS cloud)'' yellow and nontranslucent 

The four recogmzed species of Proleus appear as small red colomes surrounded 
by two distinct zones a large (radius 2 to 3 mm) inner red zone, and an equally 
large outer, colorless, translucent zone This veiy charactenstic picture can be 
observed withm 24 hours after platmg, deep red areas appeanng within 12 hours 
Proteus morgami is slower m this pnmaiy reaction than are the other species of 


Proteus 

Nmeteen other milk organisms were tested in this medium Sixteen failed 
to grow Eschenchta coli, Aerobacler aerogenes, and Pseudomonas aeruginosa 
were not inhibited These species were scarcely -visible, however, because of the 
formation of yellow colomes on the yellow background These orgamsms did 
not mterfere -with the distmct bizonal appearance of the Proteus colomes 

This medium is being used at the present time to determine the numbers and 
frequency of distnbution of Proteus m milk and other matenals for possible 
samtary significance 
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ASPARTIC ACID DECARBOXYLATION BY RHIZOBIUM TRIFOLII 

DANIEL BILLEN and HERMAN C LICHSTEIN 
Department of Bacteriology, University of Tennessee, Knoxville, Tennessee 

Received for publication November 15, 1948 

Although Virtanen and Lame (Enzymologia, 3, 226, 1937) have claimed that 
Rhizohtum leguminosanum decarboxylates aspartic acid with the formation of 
teta-alamne, as determined by the isolation and chemical identification of tbig 
product from a 47-day fermentation mash contammg aspartic acid, actual proof 
of the conversion of aspartic acid to 6fifa-alamne is lacking 
The decarboxylation of a dicarboxyhc ammo acid, aspartic acid, could yield 
either aZplm-alanme or &efa-alanme depending on which carboxyl group is at- 
tacked We have been stud5Tng the enzymatic decarboxylation of aspartic acid 


Production of beta-alanine from aspartic acid by Rhtzohium trifolii 


BACTHaiAt K put TOBE 

Seta ALANINE PfiODHCED 

No aspartic acid 

Plus aspartic acid 

m 

MS 

MS 

0 19 

0 

1 0 

0 38 

0 

2 0 

0 94 

0 

4 8 

1 87 

0 

9 0 

2 80 

1 2 

>13 3 


Washed cells were incubated 1 hour at 30 C in 0 1 m phosphate buffer, pH 5, with 0 005 
M L-aspartic acid as the final concentration Total volume was 2 ml Controls contained 
no aspartic acid Tubes were shaken in a water bath during the experiment The reac- 
tion was stopped by boiling 5 nunutes, and an aliquot of the supernatant, after centrifu- 
gation, was assayed for 6eia-alanine as described in the text 

by utihzmg a microbiological assay for &efa-alanme as an index of decarboxyla- 
tion 

The medium employed was composed of 1 per cent each of tiyptone, yeast 
extract, and glucose and 0 1 per cent DL-aspartic acid After incubation for 
18 hours at 27 to 30 C on a mechanical shaker (final pH 4 4 to 4 7), the cells were 
harvested by centrifugation, washed twice with equal volumes of distilled water, 
and resuspended in distilled water The concentration of cell suspension was 
determmed by the measurement of turbidity in a lOett-Summerson photoelectnc 
colonmeter and converted to bactenal mtrogen by the use of previously standard- 
ized tables 

A microbiological assay for 6efa-alamne was made by using a modification of 
the medium suggested by Snell et al (J Am Chem Soc , 62, 175, 1940) with 
Saccharomyces fragihs as the assay organism The modifications consisted of 
the followmg additions per 100 ml 5 ml acid-hydrolyzed vitamm-free casern, 
10 pg mcotmic acid, and 2 pg pora-ammobenzoic acid The range [of 5eta-alanine 
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stimulation of the growth of S fragths as determined by turbidity measurement 
was approximately 0 5 to 4 0 /ig 

That 6eta-alanme is actually produced under the conditions of the expenment, 
although m small quantities, may be seen from the data in the table The 
production of beta-alamne from aspartic acid appears to be a bnear function and 
IS indicative of enz 3 Tnatic action The small quantities produced suggest the 
reason for the negative results of many investigators utihzing the measurement 
of CO 2 production by conventional Warburg techniques 

Further studies are in progress on this problem 



A SEROLOGICAL STUDY OF MEMBERS OF THE 
PSEUDOMONAS GENUS 

J MUNOZ, M SCHERAGO, and R H WEAVER 
Department of Bacteriology, University of Kentucky, Lexington, Kentucky 

Received for publication November 18, 1948 

A review of the hterature on the charactenstics of the memhers of the Pseu- 
domonas genus, which mainly deals with P aeruginosa and P fluorescens, reveals 
marked disagreement concermng the biochemical and serological reactions of 
these orgamsms The production of a blue-green or yellow-green pigment is 
considered to be an important factor in classifying an orgamsm as belongmg to 
this genus (Breed et al , 1948), but it is well known that strams lose their abihty 
to produce pigment (Hadley, 1927, Wilson and Miles, 1946), m fact nonpig- 
mented colomes can frequently be found on plates from a pigmented strain 
(Buonomini, 1934, Gaby, 1946) 

Biochemical reactions are perhaps as unsatisfactory as pigment production for 
classifymg the members of this group, yet these cntena are employed m their 
classification Vanous workers, using different experimental conditions, have 
not found any set of biochemical reactions that will consistently differentiate one 
stram from another 

The results of studies of the fermentation of carbohydrates are m many cases 
contradictory Jordan (1903) found that 58 strams of P aeruginosa and P 
fluorescens-liquefaaens did not ferment any of the carbohydrates which he tested, 
whereas other workers (Harris, 1940,Naghski, 1941, Stem, 1942, Seleen and Stark, 
1943, and others) found weak or vanable fermentation of glucose, maltose, 
sucrose, and lactose Most investigators agree that glucose is fermented by P 
aeruginosa and P fluorescens, but apparently vanations in results are also 
obtamed with some strams of these orgamsms (Elrod and Braun, 1942, Gaby, 
1946) The reaction with other sugars seems to vary considerably with the 
vanous strains (Naghski, 1941, Stem, 1942, Elrod and Braun, 1942, Seleen 
and Stark, 1943, Gaby, 1946) 

The same confusion is found m respect to the results of the other common 
reactions used to characterize the members of this genus Some workers have 
found it difficult to distinguish P aeruginosa from P fluorescens by biochemical 
means (Eisenberg, 1914, Sandiford, 1937), while others have apparently been 
more successful (Ruzicka, 1899, Niederkom, 1900, Tanner, 1918, Brooks et al , 
1925, Seleen and Stark, 1943) In examimng the data presented m the vanous 
reports it is difficult to discover any set of reactions that is charactenstic of any 
particular member of the genus This is true with respect to gelatm hquefaction, 
indole production, hydrogen sulfide formation, action on htmus milk, and reduc- 
tion of mtrates, which are the most commonly used reactions m the characteri- 
zation of the genus Pseudomonas (Breed et al , 1948) 

Most of the serological studies on Pseudomonas also have been conducted with 
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only two members of the gems, P aerug,m,m and P finorescm It appears 
that the various strains of P a^rugirwsa and P fluorescens are antigeiucallj 

1913, Plehn and Trommsdorf, 1916, Tromms 
1 Q 4 A 1934a,6, Elrod and Braun, 1912, Gab}, 

1946, Mayr-Harting, 1948) Some workers, however, have found the former 
OTganism to be serologically homogeneous (Header, 1924, Header el al , 1925) 
Hams (1940) found that 21 monotrichic strams of the genus Pseudomonas were 
serologically homogeneous in the Dawson “S” phase, but not m the Dawson 
“H” phase 

Only a few reports deahng with serological studies of members of the genus 
other than P aeruginosa and P fluorescens have been found (Plehn and Tromms 
dorf, 1916, Paine and Lacey, 1923, Horgan, 1931, von Phszka, 1939) These 
studies have revealed that these orgamsms too are antigenically heterogeneous 
Apparently no serological studies have been made on many members of the 
Pseudomonas genus We, therefore, undertook to make a serological study of a 
group of representative members of this genus, m order to determine whether 
there were sufficient serological differences among the species of the genus to 
facihtate their identification and classification 


MATERIALS AND METHODS 

Cultures F our strams (DE, p, HH, and H) were isolated from animal sources 
dunng the course of this study, the three strams of Pseudomonas comae, one of 
P aeruginosa (Pa), and two of P fluorescens (W and Pf) were obtamed from the 
stock culture collection of the Department of Bactenology at the Umversity of 
Kentucky, the remamder (17 strams) were obtamed from the Amencan Type 
Culture Collection To make certam that, as far as possible, only actively motile 
strains would be used, all strams were subjected to serial transfer on semisolid 
infusion agar plates The mitial plates were moculated by touchmg the surface 
of the agar, close to the edge of the petn plate, with a loopful of a 24-hour broth 
culture The plates were mcubated m an upnght position for 24 hours, and 
then transfers were made to subsequent plates from the grovrth on the side of a 
plate opposite to that which had been inoculated Final inoculations were made 
into tubes of infusion broth, which, after 24 hours’ incubation, were evammed 
for motility by means of hanging drop preparations By this method it was 
possible to obtam motile strams from all cultures except one of P aeruginosa 
(4882) and the culture of Pseudomonas pavoruxcea 
The stock cultures were kept at -1 to 0 C m brain heart infusion broth (Difco) 
to which 0 3 per cent agar had been added They were transferred eveiy month 
When the cultures were needed for study, they were streaked on nutnent agar 
plates and transfers were made from isolated typical colomes to nutnent agar 

Flagellation Gray’s (1926) method for the staimng of flagella was empio} ed^ 
Pigment production Fluorescm was detected m half-strength semisoli m 
fusion agar cultures, foUowmg the extraction of pyocyamn by chlorofoim, ^ 
yellowish-green pigment that could be decolonzed by acid and that would re„ 
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its color upon neutralization of the acid Pyocyanm was detected by a blue 
color in the chlorofoim layer obtained by the extraction of peptone water cul- 
tures, as recommended by Gessard (1920) 

Biochemical reactions Ammonia production was tested for by means of 
Hansen’s reagent using 48-hour Dunham’s peptone solution cultures The 
production of hydiogen sulfide was also tested for in the same medium using 
lead acetate paper as an indicator Gelatin liquefaction was studied in 12 per 
cent aqueous gelatin, the cultures being observed for 30 days Nitrate broth 
was used to study the leduction of nitrates Indole production was tested for 
by Gnezda’s method, using 1 per cent tryptone solution cultures incubated for 
72 hours Kovac’s reagent was also used as a check All results were identical 
The litmus milk cultures were observed for 2 weeks 

The fermentation of carbohydrates was determined by the use of a synthetic 
medium contaimng the carbohydrate as a sole source of carbon (Stem, 1942) 
Bromcresol puiple was used as an indicator for the production of acid The 
cultures were observed for a penod of 4 weeks 

Serological methods The methods used in this study were, with slight modifi- 
cations, those used by Edwards and Bruner (1942) in the serological identification 
of Salmonella cultures 

For the preparation of antisera, 13 of the 27 strams used were selected They 
were, two strams of P aeruginosa (256 and Pa), all four of the recently isolated 
strains of Pseudomonas (DE, p, MM, and H), one stram of P camae (B), two 
of P fluorescens (Pf and W), the strain of P fragi (4973), one strain of P grave- 
olens (4683), one of P mildenhergii (598), and the stram of P ovalis (950) The 
antigens for animal inoculation were prepared from smooth, actively motile, 
24-hour infusion broth cultures of the organisms by diluting them with equal 
amounts of salme containing 0 6 per cent formalin The antigens were prepared 
2 days previous to their injection into rabbits The rabbits selected for im- 
munization weighed not less than 5 pounds, and their normal sera did not show, 
in a dilution of 1 50, agglutmms against any of the strams used m this study 
The rabbits were each injected mtravenously with 4 increasing doses (0 5, 1 0, 
2 0, and 3 0 ml) of the formalmized antigen at 4-day mtervals Usually this 
senes of mjections stimulated the production of antisera with satisfactory titers 
In a few cases, however, a fifth injection with 5 ml of the antigen was required 
The rabbits were bled from the heart on the fifth day after the last injection 
The sera were preserved by the addition of equal volumes of glycerol and stored 
m the refrigerator until needed 

With the 13 antisera thus obtained, all our motile strams of Pseudomonas were 
tested for flagellar agglutination All the strams, except the two of P graveolens, 
4683 and 4684, the two of P mildenhergii, 598 and 795, and one of P mucidolens, 
4687, which gave granular suspensions unsuitable for somatic agglutmation tests, 
were also tested for somatic agglutination 

The antigens used for the flagellar agglutmations were prepared m exactly 
the same manner as the antigens used for the immunization of rabbits These 
antigens were tested against senal dilutions of the different antisera The tubes 
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were incubated for 1 hour at 50 to 55 C before the final observations were made 
The somatic antigens were prepared by the method descnbed by White (1926) 
This method consisted in suspendmg the growth from an agar slant culture in 
1 0 ml of absolute alcohol and heatmg it to 60 C for 1 hour The organisms were 
sedimented by centnfugation, the alcohol was decanted, and the cells were dned 
and resuspended m 0 5 ml of normal sahne These somatic antigens were then 
diluted further with sahne before the agglutmation tests were made Pre 
lunmary macroscopical slide agglutmation tests were conducted with the somatic 
antigens agamst each antiserum that had been prepared The dilution of each 
antiserum that gave the most complete shde agglutmation in 30 seconds with 
the homologous somatic antigen was used m these shde tests The organisms 
that were found to agglutmate by this method were then tested by the tube ag- 
glutination techmque, usmg senal dilutions of the antisera The tubes in this 
test were mcubated for 2 hours at 50 to 55 C and were left at room temperature 
ovenught before the final observations were made 
With the strams for which antisera were prepared that w'ere found to cross 
agglutmate, mirror absorption tests were conducted to find if they were serologi 
cally identical The agglutimn absorption techmque used was that descnbed by 
Edwards and Bruner (1942) 


RESULTS 


The results of the morphological and biochemical studies are given m table 1 
From this table the followmg observations may be made 
All the strams of P aeruginosa, except 4882, and all the recent isolates had 
substantially the same charactenstics, although strain Pa had lophotnchic in- 
stead of monotnchic flagella Otherwise, this group of strams, except 4882, 
differed sufldciently m morphological and biochemical characteristics from all the 
other strams studied to constitute a distmct group Stram 4882, which was 
one of those obtamed from the Amencan Type Culture Collection, differed m 
practically all respects from the other strams of P aeruginosa and the recent 
isolates It was nonmotile and a non-pigment-producer It appeared to be 
either a vanant or an erroneously labeled culture 

The strams of P caviae were identical m their morphological and biochemical 
charactenstics and differed sufficiently m these respects from all other strains o 
Pseudomonas to constitute a distmct group The species P caviae, P fragi, P 
graveolens, P mucidolens, and P pavonacea differed m their morphological and 
biochemical charactenstics from all the other species studied, and from one 


another ,, 

P fluorescens, P mildenhergii, P ovahs, and P puitda had substantially 
same morphological and biochemical charactenstics, a fact which would Fecw ® 
the possibihty of differentiatmg these species from one another by these c 

actenstics ^ t.T d 

The results of the flageUar agglutmation tests are given m table 2 ana in 

of the somatic tube agglutmation tests m table 3 ^ 

As may be seen from these tables, all the monotnchic strams that have me 
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biochemical charactenstics of P aeruginosa form two defimte serological groups, 
strams 97, 256, 257, 260, and DE constituting one group (group I), and strams 
p, MM, and H the other (group II) No cross agglutination between the two 
groups nor between them and an3’- of the other strams of Pseudomonas was en- 

TABLE 1 


Morphological and biochemical characlenslics of members of the Pseudomonas genus 


SPEOZS 

STRAIN 

< 

H 

b 

b 

a 

b 

H 

sg 

U 

se 

dg 
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b 
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M 
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u 
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b 
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HI 
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U 

c 

b 

kJ 

9 

n 

2 

b 

a 

o 

e 

c 

> 

b 

O 

V 

o 

u 

s 

3 

o 

O 

*5 

Sucrose 

o 

o 

u 

et 

1-3 

P aeruginosa 

97 

37 

M 

fp 

+ 

— 


— 

+ 

a, r, c, p 

+ 

+ 


tt 

256 

37 

M 

fp 

+ 

— 

— 

— 

+ 

a, r, c, p 


— 

— 

tt 

257 

37 

M 

fp 


— 

- 

— 

+ 

a, r, c, p 

+ 

+ 

— 


260 

37 

M 

fp 

+ 

— 

- 

- 

+ 

a, r, c, p 


+ 

— 

t( 

4S82 

20 

nm 

n 


+ 


+ 

+ 

a, r, p 

— 

— 

— 

tt 

Pa 

37 

L 

fp 

+ 

— 

— 

— 

+ 

a, r c, p 

+ 

— 

— 

P sp 

DE 

37 

M 

fp 

-h 

— 

B 

— 

+ 
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+ 

+ 

— 

tl 

P 

37 

M 

fp 

+ 

— 

B 
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a, r, c, p 

J- 

1 

— 
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MM 

37 

M 

fp 

+ 

— 

B 

— 

■b 
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+ 

— 

— 

tt 

H 

37 

M 

fp 

+ 

— 

B 
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+ 

— 

— 
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f 

“b 
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+ 

+ 
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+ 
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tt 

B 

37 

L 

f 

+ 

+ 

+ 

+ 

+ 

A, r, c 

+ 

+ 

+ 

it 

C 

37 

L 

f 

+ 
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+ 

+ 

A, r, c 

+ 

+ 

+ 

P fluorescens 
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20 

L 

f 

+ 

- 

— 
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a, r 

— 



tt 

Pf 

20 

L 

f 

+ 


— 



a 


— 

_ 

tt 

W 

20 

L 

f 

+ 

— 

— 
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— 

— 

— 

P fragi 

4973 

20 

M 

n 

+ 
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r, P 


— 

— 

P graveolens 

46S3 

20 

M 

f 

+ 

+ 

— 

B 
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— 

+ 

— 

tt 

4684 

20 

M 

f 

+ 
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— 

P mildenbergii 
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L 
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— 
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a 
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— 

tt 
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L 

rb 

+ 

— 
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a 

— 

— 

— 

P mucidolens 

4685 

20 

L 

n 

+ 

- 

— 
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r, P 

+ 
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— 

tt 

4686 

20 

L 

f 

+ 

— 
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+ 
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— 

tt 
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20 

L 

f 

+ 

— 

— 
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— 
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+ 
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— 

P ovalis 

950 

20 

L 
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+ 

— 

— 

- 

— 

a 

— 

— 

— 

P pavonacea 
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37 

nm 

n 

- 

— 

- 

- 

- 

a 

- 

- 

— 

P pulida 

4359 

37 

L 

f 

+ 

— 

— 

— 

— 

a 

-* 

— 

— 


M, monotnchous, L, lophotrichous, nm, nonmotile, fp, fluorescin and pyoC3anm, f, 
fluorescin, n, no pigment, rb, reddish-brown pigment unidentifiable as fluorescin or pjo- 
cjanin, A, acid, a, alkaline, r, reduction, c, coagulation, p, peptonization 


countered, except for a weak flagellar agglutmation of P putida bj^ the antiserum 
prepared agamst strain MM 

The two members of the first group of P aeruginosa strains for which antisera 
were prepared (256 and DE) were found to be serologicallj' different since they 
failed to cross-absorb the agglutimns completely from their antisera The three 
strams of the second group (p, iMM, and H) were found to be serologicalh 
identical 
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The lophotnchic strain, Pa, which has the same biochemical characteristics as 
these monotnchic strams, shows some serological relationship to group I It 
gave as strong flagellar agglutmataon with the antisera for strains 256 and DE 
as did the other members of the group It did not, however, give any somatic 
agglutmation with these antisera, and its own antiserum was specific 
The nonmotile strain 4882, which was received as P aerugnwsa but ivLicl) 
differed m practically all respects from the other strams of this genus, was not 


TABLE 2 

Flagellar aggluhnaltons 


P aeruginosa 
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P aeruginosa 
P sp 
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The sign (— ) indicates no agglutination in a dilution of 1/100 
* Numbers express the inverse in hundreds of the highest dilution at which agg u ina 

occurred 

agglutmated by any of the 13 antisera in the macroscopical slide agglutina- 
tion tests „ 7 7 „ ond P 

Of the five species (P caviae, P fragi, P graveolens, P 
pavomeea) that differed m their morphological and bio^emical chara t t 
from aU the other species studied and from one another, three 
and P graveolens) showed no cross agglutination with any of the P 

or with one another The fourth species of this group, P mucidolens, for nhicl. 
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no antiserum had been prepared, gave no flagellar agglutmation with any of the 
13 antisera One of the three strains of this species (4685) gave somatic ag- 
glutination with a 1 25 dilution of antiserum MM, a dilution considered to be 
too low to be indicative of a definite somatic relationship to the P aeruginosa 
type of organisms The fifth species in this group, P pavonacea (a nonmotile 
strain), gave no somatic agglutination with any of the 13 antisera 
The four species, P flitorescens, P nnldenhergu, P ovalis, and P putida, that 
have substantially the same morphological and biochemical characteristics but 
differ in these respects from all the other strains showed no serological relation- 


TABLE 3 

Somaltc tube agglutination tests with the strains that showed macroscopical slide agglutination 


SPECIES 
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ANTISERUM* 
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DE 
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MM 

H 
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P fluorescens 
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tt 
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tt 
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32 

128 

P mucidolens 

46S5 



- 

0 25 
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tt 

4686 

[ 



— 

— 


— 




The sign ( — ) indicates no agglutination with 1 25 dilution of antiserum 
* The agglutinating sera of strains Pa, 4973, and 950 were not used with the tube aggluti- 
nation method because they were found to be specific for their homologous somatic 
antigens 

t Numbers express the inverse in hundreds of the highest dilution at which agglutination 
occurred 


ship to one another nor to any of the other strains, except for the agglutination 
of P puiida in the antiserum prepared against stram MM of the P aeruginosa 
group 

The two strains of P flitorescens for which antisera were prepared cross-ag- 
glutinated and, in addition, their antisera agglutinated the third strain of this 
species both in the flagellar and somatic agglutination tests Furthermore, com- 
plete reciprocal absorption resulted between the first two strams (Pf and W) 

The two strains of P imldenbergii (598 and 795) were both agglutinated in 
high dilutions by the antiserum prepared against one of them (598) This 
antiserum did not agglutinate any of the other strams of Pseudomonas tested 
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The antiserum prepared against P omits produced no flagellar or somatic 
agglutmation with any of the other strains, nor was this organism agglutinated 
by any of the other antisera employed m this study 

DISCUSSION 

Our results indicate that the different members of the Pseudomonas genus that 
we studied are serologically specific We do not mean to imply that all the 
strains of a given species are identical Our study was limited to only a few 
strams of each species and in some cases to only one The P aeruginosa strains 
comprised at least two distinct serological groups The heterogeneity of this 
orgamsm had been observed previously by vanous workers (Aoki, 1926, Kanzah, 
1934a, 6, Hams, 1940, Elrod and Braun, 1942, Mayr-Hartmg, 1948, and otherb) 
Recently, Gaby (1946) has pointed out that P aeruginosa cultures dissociate 
mto different colomes having distinct characteristics By selecting three types 
of colonies from the same stram he was able to show that they differed in bio 
cheimcal charactenstics and, just as important, that the flagellar antigens of the 
basic colony types were different Mayr-Hartmg (1948), on the other hand, 
found that a serum which she prepared from a stram that grew in blue green 
colonies with iridescent spots and one which she prepared from a matt yellow 
stram gave strong cross reactions and agglutinated 60 strains of "Ps fyocyanea" 
to approximately the same titer, regardless of the colony t 3 T)es produced by 
these strains Unfortunately, m our study the tyrpe of colony was not taken 
mto consideration However, we noted no marked differences in colony type 
among our recently isolated cultures of P aeruginosa 
We found no serological relationships among the different members of the 
Pseudomonas genus that we studied Hence these organisms could be sharply 
separated by serological means alone even when the morphological and biochenn 
cal charactenstics were almost identical 


SUMMAKY AND CONCLUSIONS 


A study has been made of a representative group of strams of Pseudomonas 
to detenmne whether there is any serological relationship among strains of this 
genus The most sigmficant findings that this study has yielded follow 
A group of monotnchic strams that had the morphological and biochemical 
charactenstics of P aeruginosa could be differentiated mto two distinct serologi- 
cal groups, one of which was homogeneous and the other heterogeneous A 
lophotnchic strain that had the same biochemical charactenstics showed a strong 
flagellar relationship to the heterogeneous group 
P camae, P fragi, P graveolens, P mucidolens, and P pavonacea, species tna 
are readily differentiated by their biochemical charactenstics, could also e 


differentiated serologically he 

P fiuorescens, P mildenbergii, P ovahs, and P puhda, species that cann 
satisfactorily differentiated by means of their biochemical charactenstics, co 
be very easily differentiated by serological means 
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It may be concluded that serological reactions, in addition to morphological 
and biochemical charactenstics, are essential for the identification and classifi- 
cation of various members of the Pseudomonas genus 
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THE EFFECT OF ULTRASONIC WAVES UPON ICLEBSIELLA PNEU- 
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Although the fact that high-frequency sound waves (9,000 to 800,000 cycles 
per second) disrupt living cells is now well established (Bergmann, 1938), few 
quantitative data are available, and the data now existing are difficult to compare 
because of vanations in the way the experiments were conducted 

Two types of high-frequency sound generators have been used the magneto- 
stnction oscillator, which produces vibrations at about 9,000 cycles per second, 
and the quartz crystal generator, m which the frequency of the sound depends 
upon the crystal and can be as high as 800,000 cycles per second There are 
insufficient data at the present time to permit the selection of one sonic fre- 
quency as superior to all others As a matter of fact, Stumpf, Green, and Smith 
(1946) have stated that the degree of disintegration of bacteria by ultrasomc 
waves IS related to the amplitude of intensity of the wave rather than to the 
frequency, but they do not give any expenmental data to support this statement 
The present report deals with experiments using a quartz crystal generator of 
ultrasomc waves 

In ultrasomc expenments using a quartz crystal generator the following factors 
must be taken into consideration (1) the size of the crystal, (2) the frequency 
of the crystal, (3) the amplitude or intensity of the wave, (4) the distance be- 
tween the top of the crystal and the bottom of the container used for the material 
to be treated, (5) the type of container used for the matenal to be treated, (6) the 
depth of liquid being treated, (7) the composition of the suspending medium for 
the cells being treated, and (8) the type of coolmg system used 

In this report an attempt is made to determine the effect of some of these 
variables upon the disruption of cells by ultrasonic waves 

MATERIALS AND METHODS 

Apparatus The ultrasonic apparatus used m these experiments was similar 
to that described by Stumpf, Green, and Simth (1946) Our equipment was 
designed and built by Dr H Sidney Newcomer of E R Squibb & Sons, using 
circuits designed by Mr Robert W Clark The quartz crystal, with a frequencj'- 
of 700,000 cycles per second, was mounted in a brass tube having an internal 
diameter of 2| inches With the exception of one experiment to be noted later, 
the radio frequency current was 0 75 amperes, the voltage 2,500, and the milli- 
amperage 360, to give 765 watts The dielectnc, transformer oil, was cooled by 
circulating it through a copper coil immersed in a drjMce-alcohol bath By this 
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means the temperature of the od was kept at 10 C, and the temperature, as a 
whole, of the material being treated did not nse above 30 C (i e , an increase of 
about 8 C)m a 60-mmute penod It was not possible to cool the oil beloi\ 8 C 
because the increase m viscosity stopped the circulating pump 
Harvey (1930), by showmg that ethyl stearate crystals (mp 30 to 31 C) do not 
melt when exposed to ultrasomc waves m water kept at 28 C, has eliminated 
local heating as a factor contnbutmg to the biological effect of ultrasonic waies 
Therefore, it is felt that temperature changes did not affect the results of the 
experiments reported here (with the exception of one experiment noted below) 
In all of the present experiments, the contamer was carefully adjusted in the 
oil bath above the crystal so that the maximum turbulence of the material inside 
the contamer was obtamed As httle as 1-mm deviation from the maximum 
position produced a d imin ution of turbulence It should be pointed out, how 
ever, that there is not one maximum position, but several, a few millimeters 
apart, m the distance between the crystal and the top of the oil bath 
Cultures Klebsiella pneumoniae (ATCC 9997) was grown m yeast beef broth 
(Difco) at 36 5 C for the period specified m the experiments Plate counts were 
made by removmg the container from the ultrasomc device at the intervals 
stated, removing a 1-ml sample that was diluted m 10-fold steps m stenleOSo 
per cent NaCl Three 1-ml replicates were plated in yeast beef agar, and the 
colonies were counted after 24 hours’ incubation at 36 5 C Incubation of plates 
for longer penods did not significantly change the count 
Saccharomyces ceremsiae (ATCC 4110) was grown m yeast beef broth con 
taimng 4 per cent glucose (pH 5 5) m a shallow layer in an Erlenmeyer flask 
incubated at 30 C for 48 hours Plate counts were made m the same way as for 
the Klebsiella cultures except that Sabouraud agar (1 per cent Difco peptone, 
4 per cent glucose, 2 per cent Difco agar) was used, and plates were counted 
after 48 hours’ mcubation at 30 C 

Miyagawanella felis (agent of felme pneumonitis, a member of the lympho- 
granuloma-psittacosis group) was grown in the allantoic cavity of the developing 
chick embryo and punfied from allantoic fluid by differential centrifugation 
(Hamre, Rake, and Rake, 1947) The final resuspension of elementary bodies 
was made m 0 1 m phosphate buffer, pH 7 2, diluted 1 10 in 0 85 per cent sodium 
chlonde solution The amount of viable agent was determined by inoculating 
12 eggs with a single dilution of the suspension of elementary bodies and calcu 
latmg the number of infective units from the average day of death according 
to the method of Golub (1948) 

Influenza A virus The PR8 stram of this virus was grown m the 
cavity of the developmg chick embryo incubated at 35 C for 48 hours 
the eggs were chilled, the allantoic fluid was removed and centrifuged at 
rpm m an angle centrifuge for 1 hour The sediment was resuspended m 0 1 
phosphate buffer, pH 7 2, and this suspension was spun at 800 rpm for 10 minu^ 
to remove large clumps The supernatant suspension was centrfuged at lo, 
rpm for 1 hour, and the sediment was resuspended m buffer and centn ug 
800 rpm for 10 mmutes The final supernatant suspension vas used lo 

some experiments 
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The amount of viable vans was determined by inoculating 0 2 ml of 10-fold 
dilutions into the allantoic cavity of 10-day embryos Three eggs were used for 
each dilution After incubation at 35 C for 48 hours and thorough chillmg, the 
allantoic fluids from these eggs were individually tested for the presence of virus 
by the hemagglutination test, m which 0 6 ml of allantoic fluid and 0 5 ml 1 per 
cent chicken red cells were naxed and allowed to stand at room temperature for 
about 1 hour The dose infecting 50 per cent of the eggs (IDso) was determined 
by the method of Reed and Muench (1938) 



Time in Minutes 

Figure 1 The effect of the type of container upon the mortality of IT pneumoniae 
treated with ultrasonic waves 


RESULTS 

Effect of type of container Some investigators (Williams and Games, 1930, 
Chambers and Flosdorf, 1936) have used glass containers for the matenal bemg 
treated with ultrasomc energy, whereas others have used cellophane-bottomed 
containers (Beckwith and Weaver, 1936, Beckwith and Olson, 1931 , Haas, 1943) 
In our experiments (figure 1) the mortality of K pneumoniae when 10 ml of a 1 10 
dilution in broth of a 17-hour culture was treated with ultrasomc waves m a 
cellophane-bottomed container was higher than when an Erlenmeyer flask was 
used This container n^as made by placing a piece of du Pont 600 MSAT mois- 
ture-proof cellophane sterilized by ultranolet light over one end of a sterile glass 
tube 2| inches in diameter having slightly flanged edges This glass tube, with 
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me end cotton-plugged, had been wrapped in paper and stenlized by autoclanne 
The cellophane sheet was tied securely with twme, over which Scotch tape was 

wrapped In further experiments only the ceUophane-bottomed coatamer 
was used 

Bffect of depth of liquid in the container When 50 ml of a 1 10 dilution in 
broth of a 17-hour culture of K pneumoniae was treated with ultrasonic energy 
the mortahty was higher than when 10 ml was treated However, in this expen- 
ment the temperature rose from 13 C to 48 Cm 20 nunutes, owmg to the higher 
column of liquid (20 mm) for the absorption of heat Smce the container was 



Tin* m Uiniifts 

Figure 2 The effect of the volume of suspension treated with ultrasonic wav es upon the 
mortahty ol K ■pneumoniae 

immersed in the cooled transformer oil to a depth of not more than 7 nun, the 
remamder of the column was not cooled Immersion of the container deeper 
mto the oil was not possible because oil leaked m at the cellophane-glass junction 
In further experiments, 10 to 20 ml of matenal (with a depth of 4 to 8 mm) 
was used 

Effect of amplitude or intensity of ultrasonic waves In all prei lous expenmenfs, 
the ultrasomc apparatus has been operated at its maximum energy output 
(maximum amphtude) The nexi, experiment was conducted to determine the 
effect of reduction of the amphtude or intensity of the ultrasonic waxes 
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The results, given m table 1, show that when the ultrasonic apparatus was 
operated at 1,500 volts, 215 milhamps, and 0 4 ampere radio frequency current, 
to give 274 watts of ultiasomc energy, the mortality of a 1 10 dilution m broth 
of a 17-hour cultuie of K pneumoniae was slight compared to that of a culture 
treated wnth 765 w^atts of ultrasonic energy In all further experiments 765 
watts of ultiasomc energ}’- w'as used 

Effect of initial concentration of cells upon the mortality In all previous experi- 
ments the initial concentiation of cells has been about 100 million per ml In 
ordei to determine whether or not the concentration of cells influenced the 
mortality, a 10~* dilution in broth of a 17-hour K pneumoniae was compared 
with a 10~^ dilution m broth of the same culture The results, given m table 2, 
show that this diffeience in original count had no significant effect upon the 
mortahtj’’ late 


TABLE 1 


Effect of tnienstly of ulirasomc waves upon their lethal effect on K pneumoniae 



1 % VIABLE CELLS AFTER TIME IN MINUTES OF ULTRASONIC TREATMENT 

ULTRASONIC ENERGV IN V.ATTS 



20 

40 

274 

76 8 

55 7 

765 

25 3 

0 36 


TABLE 2 

Effect of initial number of organisms upon mortality of K pneumoniae diluted in broth and 

treated with ultrasonic waves 


INITIAL COtTNT 


% VIABLE CELLS AFTEE TDIE IN MINUTES OF ULTKASONIC TBEATMENT 


PER ML 

10 

20 

30 

40 

SO 

92,300,000 

32 5 

10 4 

2 65 

0 95 

0 53 

36,000 

46 4 

10 1 

2 98 

1 91 

0 88 


Effect of distance between crystal and bottom of container upon mortality of 
Klebsiella due to ultrasonic waves In all prenous experiments, the distance be- 
tween the top of the crystal and the bottom of the container m which the cell 
suspension was treated has been 7 8 cm In order to deterrmne whether this 
distance had anj-^ effect upon the disruption of cells by ultrasonic energy, expen- 
ments were conducted in which the distance w as 4 0 cm Shorter distances were 
not tested because the removal of too much transformer oil might cause the 
crystal to shatter Table 3, giving the results of experiments wnth broth sus- 
pensions of K pneumoniae treated with ultrasonic energy at oil depths of 4 0 
cm and 7 8 cm, show's that there was so sigmficant difference betw een the results 
In all subsequent ex-periments a depth of 7 8 cm was used 

Effect of age of the culture upon the mortality A companson was made of the 
mortality m broth suspensions of 6-hour, 17-hour, and 3-da3' cultures of K pneu- 
moniae treated with ultrasonic energy The results are given in table 4 No 
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si^cant differences were observed in the mortahty of 6-hour, 17-hour and 
3-day-oId cultures of K pneumomae Williams and Gaines (1930) found no 
cMerence between the mortalities of a 13-hour and a 27-hour culture of Eschcn- 
chia coh treated with some vibrations at a frequency of 8,800 cycles per second 
Effect of suspending medium upon mortality of cells due to ultrasonic mves In 
figure 3 are the results of expenments with a 17-hour culture of K pneumomae 
diluted 1 10 m broth, in sahne, and in a buffer solution consistmg of 0 1 m phos 
phate buffer, pH 7 2, diluted 1 10 in a salt solution that had the same composition 
as Rmger’s except that calcium chlonde was omitted 
The results with buffer were essentially the same as with sahne, but a striking 
difference was found between broth and sahne In considering possible explana 


TABLE 3 

Effect of distance between crystal and container on the mortality of K pneumoniae dwnnQ 

ultrasonic treatment 


DISTANCE BE- 
TWEEN CBTSTALAND 

% VIABLE CELLS AFIEE HUE IN MmUTES OE CLTXASONIC TEEATHENT 

CONTAINEB 

j 

10 

20 

30 

40 

50 

4 0 cm 


4 32 

1 64 

0 65 


7 8 cm 

HEQII 

3 39 

1 02 

0 65 

■■ 


TABLE 4 

Comparison of mortality of 6-hour, 17-hour, and 5-day-old cultures of K pneumomae with 

ultrasonic treatment 


ACE OF CDXTDBE 

1 

% VIABLE CELLS AFTER THIE IN lONUIES OT CLTKASONIC TEEATMENT 

10 

20 

30 

40 


6-bour 


5 56 


0 74 1 


17-hour 

32 9 

10 4 

2 66 



3 -day 

31 6 

1 

6 16 

3 17 

1 14 

0 68 


tions for this difference, the role of surface tension was investigated The surface 
tension of our yeast beef broth, as measured oy a Du Nouy tensiometer, was 
48 6 d 3 mes per cm, the surface tension of sahne was 70 3 dynes per centimeter 
If this accounts for the difference in results with broth and sahne, the mortality 
of cells suspended m salme contammg the proper concentration of a surface 
tension-reducmg agent (sorbitan monooleate, “tween 80”) should be the same 
as the mortality m broth An expenment was conducted in which saline con- 
taming 0 0002 per cent sorbitan monooleate was used to dilute the culture 1 10 
The surface tension of this solution was 47 8 dynes per cm Figure 4 gives the 
results of this expenment 

The fact that reducing the surface tension of saline resulted in tne sam 
mortahty as m broth would appear to explain the difference between saline an 
broth solely upon the basis of differences m surface tension However, it shoui ^ 
also be borne m mind (1) that transmission and absorption of ultrasonic waie:= 














Figure 3 The effect of the tj pe of suspending medium upon the mortality of K pneu- 
moniae treated w ith ultrasonic a\ es 



Figure 4 Comparison of the mortalities of A pncumnninc suspended in broth and in 
0 002 per cent sorbitan monooleate in saline “'olid line indicates broth Broken line 
indicates sorbitan monooleate in siline 


2S5 
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m liquids varies, and (2) that ultiasomc eneigy can bung about chemical changes 
in solutions (Bergmann, 1938), such as the formation of hydrogen peioude from 
watei Therefore it might be possible that the diffei ences in the i esults obsen ed 
with various suspending media are in part due to toxic substances formed during 
ulti asoruc treatment of the suspending solution In order to test for the presence 
of these substances, broth was treated with ultrasomc energy for 20 and 40 ram 
utes To serial dilutions of this treated broth was added an equal volume of a 
10 ® dilution in untreated bioth of a 17-houi culture of 'pneumoniae ‘Vftcr 
oveinight incubation at 36 5 C the tubes weie read for growth inhibition None 
was observed When 0 5 pei cent sorbitan monooleate in saline was tested in 
the same manner, growth was inhibited by a 1 2 dilution (0 25 per cent) of 
sorbitan-monooleate-treated saline for 20 minutes, and by a 1 4 dilution (0 12 
per cent) after 40 minutes’ treatment, but not bj'^ a 1 8 dilution It seems un 
likely therefore that broth or 0 002 per cent sorbitan monooleate in saline after 
ultrasomc treatment was toxic for K pneumoniae 
However, these negative lesults mth K pneumoniae do not eliminate the factor 
of the effect of ultrasomc waves upon the medium used for suspension of other 
cells For example, McKee (1948) has found that Kiichnei’s medium con 
taming 0 05 per cent soibitan monooleate, after 10 minutes’ treatment luth 
ultiasomcs, inhibited the giowth of Mycohactenum tuberculosis (Ravenel stiain) 
This difference between broth and saline having been observed n ith K pncii 
moniae, it was of interest to determine whether the same results could be obtained 
mth a yeast Forty-eight-houi cultures of S ceremsiae in 4 per cent glucose 
yeast beef broth were diluted 1 10 in jmast beef broth, in saline, and in buffer 
The results of the treatment of these suspensions with ultrasonic naves, given in 
figuie 5, did not correspond mth those obtained with K pneumoniae 

With this yeast there was little difference between broth and buffer as sus 
pending media for the cells, and not so gieat a difference between broth and 
saline as had been found mth K pneumoniae, vhich may be due to the fact 
that the cell wall of Saccharomyces differs physically or chemically from the ceil 
nail of Klebsiella This is also borne out bj'^ the obsenmtion that S cereimac 
appears to be somewhat more lesistant to disintegiation by ultrasonic eneiR 
than K pneumoniae, since after 40 minutes’ treatment 4 2 per cent of the cells 
remamed viable m the broth suspension, whereas only 0 6 to 1 1 per cent of the 
Klebsiella cells remained after 40-minute treatment in broth 

Electron micrographs of cells treated mth ultrasomc energy Although no at- 
tempt has been made in this study to determine definitively the nay in nhic i 
ultrasomc energy destroys cells, some pertinent observations have been m i| c 
Johnson (1929) concluded that the killing of cells by ultrasonic vaies a as due 
to the formation of gas bubbles If this was prevented by increasing (he e\ 
temal pressure, no killing occurred This obsenmtion a as confirmed 1)3 oclimi 
and Uhlenme3mr (1930) Haiwey and Loomis (1931), who photographed Ar ana 
effffs being treated mth ultrasomc naves, did not see gas bubbles but oi=cnc( 
lapid movements m the fluid (which might have been a result of submicro cop 
cavitation and caused disruption of the cells) More information on t ii= a'P 
of ultrasonic research can be obtained from Han cy’s sun e} (IJiO) 
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Some election micioscope pieparations of cells that had been tieated noth 
ultiasomc eneigy were examined to see what information might be obtained 
fiom them A diop of the suspension of cells was allowed to dry on collodion- 
coated scieens, and the scieens weie washed with distilled uater In some cases 
this vas followed by gold-shadowing of the scieens befoie examination vnth the 
election micioscope (RCA EMU type) 

Broth suspensions of K pnemnomae (figure 6) aftei ultrasonic treatment for 
10 minutes contained cells that had lost their smooth contour and that were 
suriounded by a halo of granulai mateiial (no 2 to be compared mth no 1, 



Figure 5 The effect of the tj pe of suspending medium upon the mortality of S cerevistae 
treated m ith ultrasonic w aves 

untreated cells) Nos 3 and 4 show untreated cells m saline In both pictures 
denser areas are discernable inside the cells No 4 also contains what appears 
to be tvo old disintegrated cells that contain small dense bodies In nos 5 
and 6, cell vails from cells that have been luptiued by 50 minutes of ultrasonic 
tieatment aie shovai Again there aie small dense bodies present In no 7 
the cells suspended m 0 002 pei cent soibitan monooleate m saline, untreated, 
again show vai lations in density In no 8, a niptui ed cell v all from the sorbit m- 
monooleate-saline suspension is shown Again there is a dense bod 3’^ inside the 
ghost cell The persistence of these small dense bodies in cells disrupted 1)3' 
ultrasonics suggests that the3 might be chiomatinic bodies (Robinow, 1945), 
which aie knowai to be resistant to tieatment with acid Howerer, there is a 
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Figures Klebsiella pneumoniae X 10,850 

No 1 Untreated cells suspended m broth, gold shadowed 

No 2 Cells suspended in broth, ultrasonic tre ited for 10 minutes, gold sli idowtd 

No 3 Untreated cells suspended in saline 

No 4 Untreated cells suspended in saline, gold shadowed 

No 5 Cells suspended in saline, ultrasonic treated for 50 minutes 

No 6 Cells suspended in saline, ultrasonic treated for 50 minutes 

No 7 Untreated cells suspended in 0 002 per cent “tw cen 80” in s dine 
No 8 Cell suspended in 0 002 per cent "tween SO” in saline, ultrisonic tre ited for . 
minutes 
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Figure 7 Saccharomyccs ccrinstae X 5,900 
Nos 1 and 2 Untreatod cell suspended m broth 

Nos 3, 4, 5, and 6 Cells suspended m broth, ultnsonic-treated for 20 minutes 
Nos 7 and S Cells suspended in broth, ultrasonic treated for 40 minutes 
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possibility that they may be aitifacts, since in the shadowed pieparatioiis (no« 

4 and 6) they might be interpreted as lying on top of the ghost cell rather tlnii 
inside it 

In the case of the yeast (S cercvtside, figure 7) the election niiciognp!\s of 
ultrasomc-tieated cells again showed many ruptuied cell i\alls fiom which all 
01 part of the cell contents had escaped No 1 shoivs a noimal yeast cell willi 
a small bud suiiounded by small granules that might be matenal fiom the broth 
that had adheied to a sticky surface of the cell No 2 demonstiates a common 
aitifact, the vacuoles formed between noimal cells when exposed to the electron 
beam These cells appear to be suriounded by a capsule In nos 3 ami 4, 
cells that have been tieated with ultrasonic energy foi 20 minutes show iiipture 
of the cell wall and loss of cell contents In no 5, a cell that had been nltiasomc 
tieated foi 20 minutes did not lupture but is no longei unifoinib^ dense In 
no 6, only pait of the cell contents had escaped thiough the bioken cell wall 
After 40 minutes of ultiasonic tieatment in broth, only empty tell walls rc 

TABLE 6 


Effect of ultrasonic energy upon Mnjagawanella fclis 


TlilE OF TREAT1I£NT 

NO OF INFECTIXE UNITS REStAIMNC VI \BLt 

Experiment 1 

Experiment 2 

0 

603,000 

275,000 

10 

5,250,000 

851,000 

20 

144,000 

27,540 

40 

69,200 

05* 


* Approximate figure 


mained, but usually these cell Avails AA'ere almost intact and not m fiagnicnfs as 
w^as the case Avith Klebsiella (see figuie 6, no 6) This is additional evidence 
that the cell AAmlls of these yeasts differ from those of Klebsiella 
Nos 7 and 8 aie of special mteiest because of the piotubeiances on the cell 
AAmlls of Saccharomyces They weie also seen in no 4 and no 6, but since only 
one AA^as found on each cell it Avas thought that this might be the site of formation 
of a bud HoAAWei, in no 7 theie are foui such piotubeiances, and in no 8, 
tA\m, so it seems moie likely that they aie due to ultrasonic tieatment The 
vacuoles in no 8 are probably aitifacts 

Effect of ultrasonic waves upon Miyayawanclla fehs {the agent of filme pncit 
momtis) Takahashi and Chiistensen (1934) haim icpoited tliat ultrasonic 
AAaAms haA^e a high inactivating effect on tobacco mosaic xirus IIowc\er, 
Stanley (1934) found that the destaiction of puiified vinis was much Ic-i thm 
that of impure vims, and that toxic substances Aieie not foimccl fiom Hie im 
polities by ultrasonic tieatment He also found that ultiasonic ticitmcnt o 
puiified Aums Ailiich had been degassed and sealed in vacuo did not iiu((n‘‘ ^ 
the A ims Scheip and Chambers (1936-1937) did not obtain am effr f f of -onic 
vibrations (9,000 cycles pei second) upon the Aims of poliomyelitis, Imnnn 
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Figures Nos land 2 MiyagauaneUa fehs X 13,570 
No 1 Untreated 

No 2 Ulti asonic treated for 10 minutes 

Nos 3and4 Influenza Mrus, PRSstrain X 17,240 

No 3 Untreated, gold shadoned 

No 4 Ultrasonic-treated for GO minutes, gold shadowed 
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influenza, oi swme influenza However, none of their viral suspensions had been 
subjected to any purification piocess, and it was subsequently shown hj lh\e^, 
Smadel, and Chambers (1937) that vaccinia virus that had been thoroiiglili’ 
washed was inactivated by sonic vibrations whereas unwashed vnus was not 
On the other hand, Hopwood, Salaman, and McFailane (1939) did not find am 
inactivation of then puiified vaccinia virus upon exposuie to ultrisonic, cnerg\ 
(550,000 cycles pei second), theieby confiimmg the eailier lesiilts of Hopwood 
(1931) with unpuiified vaccinia viiiis According to Kiucgei, Brown, and 
Sciibner (1940-1941) a staphylococcus bacteiiophage was inactivated bj' sonic 
energy (9,300 cycles per second, 320mvatt output) 

In twm experiments w'lth ilf felts, ultiasonic ticatment lesulted in the redne 
tion of the amount of viable agent (table 5) In one case 11 5 pei cent of the 
original numbei of infective units lemained viable aftei 40 minutes’ tieatmcnt, 
m the othei only 0 03 pei cent The vaiiation in the lesiilts may have been 
due to impuiities present in the suspensions since neithei suspension wms as pure 
as Stanley’s puiified tobacco mosaic vnus It should be pointed out that the 


TABLE C 


Effect of ullratomc trcalmenl of influenza A virus (PR8) 


TIML OF TREATMENT 

NUMurR or iNrrcTi\E umis rfhmmso MAOi-r 

0 

5,620,000,000 

30 1 

178,000,000 

60 1 

3,100 000 


effect of the suspending medium, w'hich w'as impoitant in cxpeiiments with A 
pneumomae, w^as not determined with M felts 

In both expel iments there was an mciease in the number of infective units 
aftei 10 minutes’ treatment, probably because of the breaking up of aggicgites 
of elementaiy bodies Ilopw'ood (1931) also obtained an incieasc in potency of 
vaccinia vims that had been treated with ultiasonic energy (550,000 cycles per 
second), but he did not get inactivation of the vims Shropshire (1917) has 
showm that bacterial aggregates can be dispersed by sonic energy (9,000 cycles 
per second, 60-watt output) 

Election microgiaphs of M felts (figure 8) after ultrasonic ticatment sbowc 
elementary bodies in which the dense cential position so chaiacteiistic of t ic 
normal elementary body appealed shiunkcn (compaie no 1 and no 2) a” 
occasionally wHat appeared to be ghosts of elementaiy bodies weic found ‘cr^ 
was also an increased numbei of large bodies, which wcic often fragmentci^ 
These bodies have been seen in normal picpaiations but not m such pro imoU) 
and it seems possible that they icpiescnt a stage in the deatli phase an 
integration of the elementaiy body 

Effect of idlrasomc waves upon tnfluenza A virus, PR8 strain J Ins \in s . 
also inactivated by ultiasonic wai es (table 0), only 0 00 per cent of f le 
number of infectne units remaining after 00 minutes’ Ircitmciit o a 
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suspension The effect of different suspending media upon ultrasomc dismte- 
gration of this virus was not determined 

Electron micrographs of ultrasomc-treated virus (figure 8) showed only some 
flattened elementary bodies with irregular edges (compare no 3, untreated, 
with no 4) Because of the amount of debris present m the virus suspension 
before ultrasomc treatment, it is not possible to determine whether some of the 
matenal m no 4 represents ruptured virus particles 

DISCUSSION 

The electron micrographs of Klebsiella and Saccharomyces obtamed m the 
course of this study clearly show that destruction of these orgamsms by ultrasomc 
energy is pnmanly the result of physical forces rather than chemical ones (such 
as oxidation) This is shown particularly well in the pictures of Saccharomyces 
in which a cell wall with one spot at which it has been ruptured can be seen 
However, this does not necessarily imply that the lethal effect of ultrasomc 
energy is the same for the smaller orgamsms such as MiyagawaneUa felts or 
influenza virus Electron micrographs of these agents, particularly the latter, 
after ultrasomc treatment were not very reveahng 
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SUMMARY 

Within the hunts of our experiments, it was found that the distance between 
the crystal and the bottom of the container, the age of the culture bemg treated, 
and the concentration of the cells bemg treated had no effect upon the mortality 
of Klebsiella pneumoniae during ultrasomc treatment 

The mortahty of K pneumoniae was higher when the cell suspension was 
treated m a cellophane-bottomed container than when a glass contamer was used 

The volume of liquid being treated was important because a deep layer of 
liquid w^as not efficiently cooled 

A decrease in the amphtude of the ultrasomc waves resulted in a decrease in 
the mortahty of K pneumoniae The maximum effect upon mortahty was ob- 
tamed with the highest energy output of which our apparatus was capable, i e , 
765 watts 

A higher mortality of K pneumoniae was obtamed when the cells were sus- 
pended m broth than m 0 85 per cent sodium chlonde or m buffer solution 
However, when 0 002 per cent sorbitan monooleate was added to the sahne to 
give the same surface tension as broth, the mortahty of K pneumoniae was the 
same as it was m broth suspensions 

The mortality of Saccharomyces cerevisiae was about the same m broth sus- 
pensions and in buffer suspensions, and the difference between the mortality m 
broth suspensions and m sahne suspensions was not so great as that obsen^ed 
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The phase microscope provides means for observing structures too transparent 
to be seen with the ordinary bnght-field microscope, such as details of the struc- 
ture of living, or unstained, fixed microorgamsms and tissues Thus, chromo- 
somes (Michel, 1941, Bosshard, 1944), the Golgi apparatus (Bnce, Jones, and 
Smith, 1946, Jones, 1947a), and mitochondria (Albertmi, 1946c, Jones, 1947&, 
Zolhnger, 1948) have been observed without any staming, even m living cells 
The process of mitosis (Michel, 1941), a serologic reaction with a protozoon 
(Harnson, Richards, Maurer, and Fowler, 1946), and other biological phenomena 
have been recorded m motion pictures Extensive use of the phase microscope 
was made by Albertmi (1945, 1946a,&, 1947), who apphed it to pathology, espe- 
cially to the diagnosis of tumors and exudates by examimng fresh as well as 
unstained fixed tissues and cells Reviews of the apphcations of the phase 
microscope m biology are available elsewhere (Kohler and Loos, 1941, Loos, 
1941, Bosshard, 1944, Richards, 1947a) 

These results suggested to us the feasibihty of phase microscopy for the identi- 
fication of virus inclusion bodies In a study of mitochondna and other cellular 
constituents, Zolhnger (1948) noticed mclusions m cells from several tumors, 
some of which happened to be virus tumors, although no mention of this etiology 
was made m his paper 

In this paper the results of a phase microscope exammation of the mclusion 
bodies of yellow fever, herpes simplex, fowl pox, and distemper as they appear m 
unstained tissue sections are presented 

material and methods 

The yellow fever inclusion bodies were exammed in the hver from a rhesus 
monkey moculated with yellow fever virus The herpes simplex matenal con- 
sisted of a hver specimen from a 9-day-old child that died from a generahzed 
herpes infection A strain of herpes simplex virus was isolated from the skm 
lesions of this case and identified (Quilhgan, 1948) Besides this, the pathological 
findmgs and the clmical and epidenuological data contnbuted to the diagnosis 
The fowl pox specimen was obtamed from the skm of a chicken that had been 
moculated 6 days before with fowl pox virus Distemper matenal was obtained 

29 '^ 
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from the bladder of a mink with chmcal and pathological pictures charactenstic 
of distemper 

All the specimens^ were fixed and embedded by standard procedures Sections 
were cut 4 microns thick One section was stamed with hematoxylin and eosin, 
and an adjacent one from the same specimen was mounted unstained m paraffin 
Oil The cover slip of the latter preparation was sealed ■svith “gold size” to 
facilitate the use of an immersion objective These stained preparations served 
as a control for checking the identification of the mclusion bodies made with the 
phase microscope A field of the section the position or cell arrangement of which 
uas such that it could be identified easily in the stained section as well as in the 
unstained one was selected for study For comparison also, the unstained sec- 
tions were examined with an ordinary bright-field objective The exposure time 
w as double for the unstained preparations owing to the smaller amount of hght 
transmitted by the phase system (Richards, 19476) A Spencer phase micro- 
scope was used The immersion objective employed contained a medium bnght 
contrast, 0 14 A -j- 0 25 X diffraction plate 

OBSERVATIONS 

The yellow fever intranuclear mclusion bodies (Torres bodies) were seen as 
somewhat retractile, coarsely granular structures The mclusion bodies were 
readily detected in the sections studied, because normal nuclei showed a trans- 
paient, dark content except for the refractile nucleoli and occasional fibers or 
very small masses of opaque matenal Councilman bodies were also easily 
noticed in the cytoplasm of some cells, as well as free among the masses of de- 
generating parenchyma Although Councilman bodies can scarcely be regarded 
as true inclusion bodies, their occasional intracytoplasmic occurrence together 
with their diagnostic value leads us to mention their appearance with the phase 
microscope Councilman bodies were more refractile than the hver cell cyto- 
plasm The presence of vacuoles of different size and shape was apparent inside 
the bodies Intracellular Councilman bodies were often surrounded by a narrow, 
dark, transparent zone The distmctness of contour, shape, and size were also 
characteristic of Councilman bodies 

The herpes simplex inclusion bodies (Lipschutz bodies) were also readily de- 
tected Nuclei harboiing those mclusion bodies showed an opaque granular 
mass that sometimes filled the entire nucleus Structures that looked like the 
Councilman bodies of the yellow fever specimen were accidentally observed with 
the phase microscope The identification was confirmed by an examination of 
the control stained preparation In this section, the eosmophihc property of the 
bodies was also evidenced 

Fowl pox inclusion bodies (BoUmger bodies) were seen without difficulty as 

' The authors are greatly mdebted to Dr Madureira Para from the Osn^aldo Cruz Insti 

tute Riode Janeiro, Brazil, for the yellow fever material, to Dr A James French, Depar - 

ment of Pathology, University of Michigan, Ann Arbor, ilichigan, for the herpes specimen, 
and to Dr John R Gorham, Fur Animal Disease Research Laboratory, Pullman, Was ng- 
ton, for the distemper sections 
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icfi ictile masscb of iiiegulaily gianulai stiuctuic contiastmg with the almost 
tiinspvient, duk backgiound of the lemammg cytoplasm Some inclusion 
bodies lesemblcd lefiactile iings owing to the piesence of a cential vacuole It 



Figure I Liver section fi om a monkey ith yello-n fevei , unstained, bright contrast, 
phase microscope Intranuclear inclusion bodies in several cells On the right, an intra- 
cellular Councilman body 800 X 

Figui e 2 Magnified portion of figure 1 sho\\ mg a cell with a small intranuclear inclusion 
body and sharp nucleolus 2,500 X 

Figuie S Magnified poition of figure 1 showing another cell with an intranuclear in- 
clusion body 2,500 X 

Figures 4j 5 Heipes inclusion body Unstained, bright-contrast, phase micioscope 
2,100 X 


was mteiestmg to note the shaipness of the stmctuial details as well as the 
marked contiast of the inclusion bodies The lattei was favoied by the balloon- 
ing degeneiation of the cells haiboimg inclusion bodies 






Ftyure G Three Councilman bodies in human liver with a generalized heipes infection 
Unstained, bright contrast, phase microscope 800 X 

Figure 7 fekin section of a chicken v, ith fow I pox Inclusion bodies in most cells Un- 
stained, bright contrast, phase microscope 800 X 

Figure 8 Magnified portion of figure 7 showing cell with an inclusion body The nu- 
cleus, on the left, is degenerated 2,500 X 

Figure 9 Magnified portion of figure 7, another cell with an inclusion body 2,500 X 

The cytoplasmic inclusion bodies of distempei (Lentz bodies) weie conspicuous 
because of the marked contrast of the inclusion body with the remaining cellular 
content The clear, transparent zone around cytoplasmic inclusion bodies that 
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lb seen m stvined piepxuations of dibtempei showed m the biight-contiast, phase 
micioscope as i daik, tianspaient zone No stmctuie could be detected m these 
unst lined intlusion bodies with the phase micioscope noi in the stained contiol 
piepviition with the biight-field micioscope A few intianucleai inclusion 
bodies, showing a gi inulai stmctuie, w'eie noticed m this specimen w'hen studied 
unstained w'lth the phase micioscope oi when examined stained m the oichnaiy 
blight-field micioscope 



Figure 10 Bladdei of mink w ith distempei Unstained, bright contrast, phase micro- 
scope Only cjtoplasniic inclusion bodies are m focus 800 X 

DISCUSSION 

Despite the limited mateiial studied, the lesults obtained suggest that no gieat 
amount of expeiience wath phase microscopy is necessaiy foi the identification 
of inclusion bodies in unstained tissue sections The inclusion body was seen 
W'lth maiked contiast in eveiy case Besides, intiacellulai position, shape, size, 
and internal stmctuie details, w'hich weie cleaily seen wath the phase microscope, 
helped to identify leadily the inclusion bodies studied There w'as a distinct 
diffeience, foi instance, betw'een the image of a noimal nucleus and that of an 
mclusion-beaimg one in the fixed tissue sections studied In the normal nucleus 
the only stmctuies visible w'lth the bnght-contrast, phase micioscope w'eie the 
nucleai membiane and the nucleolus The lemamder of the nucleus was daik 
and tianspaient except for some fine fibeis oi very small masses of opaque ma- 
tei lal This image somew'hat i esembles that from dark-field imci oscopy When 
a nucleus haiboied an inclusion body, this w'as readily detected as a slightly 
lefractile mass situated in the above-mentioned dark, transparent space of the 
nucleus, and the lefiactile nucleolus was in many cases missmg Cytoplasmic 
inclusion bodies could be identified similarly 

The phase microscope seems to be a promising instrument for the study of 
inclusion bodies m unstained sections because of the stmctuial details revealed 
and the avoidance of artifacts that might be due to staimng It also saves time, 
equipment, and leagents Further use of the phase micioscope m the study of 
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living mateiial will piobably yield othei advantages In addition, the phase 
micioscope appeals to be useful in the diagnosis of vnus diseases, and furthei 
study should be made to deteimine its usefulness in this field 
The finding of Councilman bodies m the livei of a geneialized herpes case is 
inteiesting Accoiding to Klotz and Belt (1930), Councilman bodies may be 
taken as pathognomonic of yellow fevei Penna and Figueiiedo (1929) and 
Villela (1941) shaie this opinion Howevei, Belt (1939) found Councilman 
bodies in the Iivei of each of foui humans suffeiing fatal burns 


SUMiLVRY 

By means of biight-contiast, phase micioscopy, vuus inclusion bodies weie 
easily detected in unstained sections of tissues fiom yellow fevei, heipes simplex, 
fowl pox, and distempei cases The maiked contiast and structural details 
shown by the inclusion bodies helped in then identification The phase micio 
scope offeis piomise foi studies on the stiuctuie of inclusion bodies as well as 
in the diagnosis of vnus diseases Councilman bodies weie obseived in the livei 
of a child suffeiing a geneialized heipes infection 
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The discovery of an antibiotic that is more active against gram-negative than 
against gram-positive bactena and that appears to be related to the polymyxin- 
aerosponn type of antibiotics was recently announced by Murray and Tetrault 
(1948) The suggestion is made that this substance be named “circuhn” smee 
the org anis m produemg it closely resembles Bacillus circulans This preliminary 
report summarizes some general information on circuhn and will be followed by 
more detailed papers on the various aspects of our work 

EXPERIMENTAL METHODS AND RESULTS 

Isolation and identification of the organism The orgamsm, one of about 50 
that were studied, was isolated from soil and given the Purdue laboratory designa- 
tion Q19 It was recogmzed as a potential antibiotic producer by the zone of 
inhi bition that it caused when grown m a thin layer of nutnent agar (containmg 
an appropnate dilution of a soil suspension) on top of a thicker layer of nutnent 
agar seeded with the Lederle stram T43 of Salmonella typhosa 

Colomes of this orgamsm are gray, translucent, smooth, entire, raised, and 
they tend to spread Growth is abundant at 24 C No pelhcle is formed on 
broth cultures, m tryptone broth the orgamsm grows throughout the medium 
and leaves only a shght sediment The orgamsm is a gram-negative, smgle rod, 

’ While this paper was in press, the discovery of another antibiotic also named “circulin” 
was announced by McLeod (1948) That antibiotic, studied by the Antibiotic Research 
section of the Venereal Disease Research Laboratory of the U S Pubhc Health Service, 
IS produced by Bacillus krzemieniewski, a mucoid variant of Bacillus circulans, and differs 
from the Purdue antibiotic by its to-acity, the presence of a hemolytic component, and a 
different bacterial spectrum Representatives of the laboratories mvolved met on Febru- 
ary 2 and agreed that the V D Research Laboratory withdraw the name “circuhn” for its 
antibiotic, although it possesses priority to the name, and that the antibiotic described 
in this paper continue to carry the name “circuhn ” The courtesy of the V D Research 
Laboratory is deeply appreciated 

A more defimte statement on the decisions reached will be submitted in a note to the 
editor of this journal 

’ A portion of this paper is taken from the PhJD thesis of F J Murray This work was 
begun in June, 1946, at Purdue Umversity, was supported m part by a grant from the Up- 
john Company, and was conducted as a jomt project between the laboratories of these two 
institutions 

’ Present address Wm S Merrell Co , Cmcinnati, Ohio 
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measuring 0 6 to 0 8 by 2 0 to 4 0 microns Oval, subtermmal endospores that 
swell the cell are present and measure 0 8 to 1 0 by 1 5 to 2 0 microns 

Stiain Q19 pioduces acid, but no gas, from the following arabinose, dextrin 
galactose, glucose, glycerol, inulin, lactose, fructose, maltose, maimitol, mannose’ 
raffinose, rhamnose, salicin, sucrose, and xylose Methylene blue is reduced 
within 12 hours but becomes completely reoxidized after 4 days The culture 
liquefies gelatin slightly after 5 days, digests casein, and gives a positive Voges- 
Proslcauer reaction The utihzation of sodium citrate and the reduction of 
nitrate are negative All tests were performed as suggested by Smith, Gordon, 
and Clark (1946) The orgamsm is nonhemolytic on nutnent agar contaming 
either defibrinated rabbit or sheep blood 

The characteristics of the orgamsm were compared with those of known cul- 
tures of Bacillus 'pohjmyxa, Bacillus macerans, Bacillus circulans, Bacillus alvei, 
and Bacillus laterosporus, which were kindly furmshed to us by Dr N R Smith 
of the Umted States Department of Agnculture * Isolate Q19 most strongly 
resembles B circulans, even though the positive Voges-Proskauer reaction, given 
by the Purdue strain, conflicts with the negative tests given by almost all known 
strains of B circulans A possible relationship to B alvei strain 662 is brought 
out by serological tests, in which B alvei 662 agglutmates in the presence of a 
1 160 dilution of an antiserum against Q19, obtained from a rabbit Stram Q19 
gives a titer of 1 6,880, and B circulans 358, B macerans 888, B 'polymyxa 251, 
aadB laierosporus 314 do not agglutinate at all However, Smith, Gordon, and 
Clark are skeptical of the usefulness that serological tests may have in the 
taxonomy of the genus Baallus From the charactenstics indicated above it is 
concluded that Q19 is a strain of B circulans, possibly also related to B alvei, 
it IS defimtely not identical with B polymyxa, the orgamsm producing polymyxm 
and aerosporin 

Assay methods During the early phases of this work antibiotic activity was 
determined by a broth dilution procedure, with Salmonella typhosa as the test 
orgamsm A umt of circulin was that amount per ml that completely inhibited 
the growth of S typhosa for 18 hours at 37 C in a broth contaimng 0 75 per cent 
peptone and 0 25 per cent yeast extract at pH 7 2 Ten ml of the broth were 
seeded with 0 05 nil of a 24:-hour culture diluted 1 200 

As soon as more potent culture fliuds and relatively pure preparations of 
circulin were obtamed, an agar diffusion method of assay employing filter paper 
disks was used The details of the assay for circulin were essentially the same 
as those for Stansly and Schlosser’s polymyxm assay (1947) Twenty ml of 
trypticase soy phosphate medium (BBL) contaimng 2 per cent agar were added 
to petn plates and allowed to solidify as a base layer This layer was then 
covered with 4 ml of a trypticase soy phosphate medium contaimng 1 2 per cent 
agar and 1 per cent polyoxyethylene sorbitan monooleate seeded with a 1 2,000 
dTlution of an 18-hour, 37 C culture of Escherichia coli, stram ATCC 26, 
m trypticase soy phosphate broth Filter paper disks were saturated with 0 08 

< We wish to thank Dr Smith for his generous advice on the identification of strain Q19 



1949] 


cmcuLiN 


307 


ml of an appiopnate dilution of circulin and placed on the seeded agar The 
plates were then incubated at 25 C for 16 to 19 hours 

Assay samples were treated m the following manner Those contaimng B 
circulans weie held foi 10 minutes m boiling water Samples were diluted with 
0 05 M glycine-hydiocliloiic acid bufifei at pH 2 However, if the 0 05 m buffer 
did not lower the pH of stiongly buffeied samples sufficiently, a twofold dilution 
with 0 5 m buffer oi acidification mth hydrochlonc acid to pH 2 was used prior 
to dilution mth 0 05 m buffer 

For the assay curve, pieparation 167DEV17 contaimng 200 umts per mg was 
used as standard Zones of inhibition were determined for solutions contaimng 
200, 400, 800, 1,600, and 3,200 units per ml for comparison with inhibition zones 
of unknowns 


TABLE 1 


Effect oj medium on circulin production* 


UXOIHU ho 

ADDITIONS TO DASAI. UEDimif 

lIAXmni YIELDS 
(3aD day) 



None 

373 

1 

1% dextnn 

820 

2 

1% glucose 

615 

3 

1% starch 

626 

4 

2% dextrin 

1,190 

5 

2% glucose 

200 

6 

2% dextrin, 0 5% (NHfl.SO, 

2,070 

7 

2% dextrin, 0 5% (NHd SOi, 0 8% CaCO, 

2,160 

8 

2% maltose, 0 5% (NH,)2S04, 0 8% CaCO, 

460 


* Culture conditions 100 ml of medium per 500-ml Erlenmeyer flask, incubation at 2-i C 
on a reciprocating shaking machine, having a stroke of 4 inches and 90 strokes per minute, 
5 ml inoculum from a 3-day shaken culture grown on a medium the same as no 7 except for 
the substitution of 2 per cent cerelose for 2 per cent dextrin 

t Composition of the basal medium 2 0 per cent dried brewers’ yeast (type 2019, Stand- 
ard Brands, Inc ), 0 8 per cent CaCO>, 0 5 per cent (NHdiSOi, 0 4 per cent KCl, 0 02 
per cent KH 2 P 04 

Proditclion of active culture fluids B circulans was grown either m shaken 
flasks or m fermentation tanks that had facihties for aerating and agitatmg the 
medium After numeious exploratory experiments a basal medium was selected 
for further study Representative data m table 1 show the TnavimuTn jnelds 
obtained when vanous compounds were added to this medium Of the carbo- 
hydrates tested, dextrin at a concentration of 2 per cent was best Increasing 
the concentration of (NH 4 ) 2 S 04 to 4 per cent markedly increased the production 
of circuhu The activity rapidly decreased after the third day of the fermenta- 
tion, at which time the pH of the medium was 7 8 Medium no 7 was selected 
for fermentations m a tank of 100-gallon capacity, agitation was provided by a 
turbine type stirrei (270 rpm) and 240 L of the medium were aerated at a rate 
of 0 6 L per L of medium per minute The average yield of six fermentations 
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was 1,260 uruts per ml The culture fluid from these tanks was harvested and 
circulm w'as extracted and isolated ’ 

Isolation and purification One hundred hters of culture fluid containing 100 
million units were stirred with 2 5 kg of “cehte” no 545 and clarified, usmg a 
filter press with a precoat of “supercel ” After the filter cake was washed with 
20 L of water, the combined washings and filtrate were adjusted to pH 6 5 with 
sulfuric acid and stirred with 1 kg of “darco G-60” to adsorb the antibiotic 
The carbon was collected on a filter press and washed with 12 L of water A 
considerable amount of mactive sohds was removed by washmg the carbon 4 
tunes inth 4-L portions of 50 per cent aqueous tertiary butanol The antibiotic 
was then eluted from the carbon with five 2 5- to 3-L portions of 25 per cent 
tertiary butanol maintained at a pH of 2 5 to 4 0 with sulfunc acid The 
combined eluates w ere distilled in vacuo at 35 C to a volume of 4 L and neutral- 
ized with banum hydroxide After filtration the active concentrate was dned 
from the frozen state A cream-colored product weighmg 34 6 g and assaying 
880 units per mg was obtamed, which represented a recovery of 30 per cent or 
30 million umts 

It was possible to merease the potency of preparations by means of chroma- 
tography In order to accomplish this, 395 g of the sulfate assajung 820 umts 
per mg were chromatographed over 2,700 g darco G-GO usmg 25 per cent aqueous 
tertiary butanol as the developer The fractions from the second to third 
quarters of the eluates were combined to give a purified white product, prepara- 
tion 8836, which weighed 58 5 g and assayed 2,700 umts per mg Ihis repre- 
sented a 47 per cent recovery based on the crude preparation or 15 per cent based 
on the culture fluid Preparation 8836 was approximately 50 per cent pure, 
smce the matenal of highest potency, obtamed by repeated carbon chroma- 
tography, assayed 5,000 to 5,500 umts per mg 


Properties of Circulin 

Chemical Circulm sulfate assaymg 2,700 umts per mg is exceedmgly soluble 
m water, less soluble m the lower alcohols, but insoluble m the hydrocarbons, the 
chlorinated hydrocarbons, and the ethers Circulm remams active at pH 2 5 
to 6 5 at 4 C for at least 3 months and is not affected by autoclavmg m aqueous 
solutions at pH 2 5 to 6 5 for 15 mmutes at 15 pounds steam pressure Above 
pH 7 0 aqueous solutions are less stable Circulm is not inactivated by pepsm 
when mcubated for 3 days at 37 C, but 50 to 80 per cent of the activity is de- 
stroyed by crude trypsm m 3 to 7 days at 37 C Polymyxm mcubated under the 
same conditions is not inactivated This agrees with the report of Stansly and 
Ananenko (1947) Positive biuret and mnhydrm tests mdicate that cucuhn is a 
peptide The activity readily dialyzes through a cellophane membrane at room 
temperature and is levorotatory m aqueous solution 

AntihacLenal axlimiy in vitro Table 2 compares the abihty of circulm (prepara- 
tion 8836), polymyxm, and streptomycm to inhibit the growth of vanous baetena 
All test orgamsms were grown for 24 hours at 37 G on slants of yeast extract, 
veal infusion agar, from which they were transferred to 5 ml of nutnent broth, 
which was then mcubated for 18 to 24 hours at 37 C One-hundredth ml of this 
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culture was used to inoculate 5 ml of nutrient broth, which also contained ap- 
propiiate dilutions of antibiotic After incubation at 37 C for 24 hours the 
smallest concentration of antibiotic inhibitory to the test organism was deter- 
mined The composition of the yeast extract, veal infusion medium was as fol- 
lows 100 ml Difco veal infusion, 900 ml distilled water, 3 g Difco yeast extract, 
5 g trypticase, 5 g proteose peptone, 5 g NaCl, and 20 g agar The nutrient 

TABLE 2 


Bacterial spectra of circuhn, polymyxin, and streptomycin 
(C = circulm, P = polymyxin,* S = streptomycinf) 


TEST ORCANISU 

STRAIN 

inhibited BV pC PER UZ OF 

RATIOS OP 
INHIBITIhG CON 
CENTRATIOSS 

c 

P 

S 

c/p 

C/s 

Aerohacter aerogenes 

NRRL B199 

3 

1 

0 8 

12 5 

4 

0 2 

Bacillus anthracis 

K 

KB 



0 8 


125 0 

B subtilis 

K 




12 5 



Brucella bronchiseplica 

NRRL B139 


s 



S 

0 01 

Escherichia coli 

ATCC 26 

0 

8 



1 

0 03 

Klebsiella pneumoniaet 

FDA 602 

3 

1 

6 2 

6 2 

0 5 

0 5 

Micrococcus pyogenes var 








aureus 

K 


0 





M pyogenes var albus 

K 

25 

0 


3 1 


8 0 

Neisseria catarrhalis 

K 

3 

1 

6 2 

3 1 

0 5 

1 0 

Pseudomonas aeruginosat 

NRRL B23 

3 

1 

3 1 


1 

0 03 

Salmonella sp group B 

Lederle 

1 

6 

KS 

50 0 

4 

0 03 

iS enteritidist 

K 

1 

6 



8 

0 06 

S gallmarum 

469 

0 

4 

0 2 

50 0 

2 

0 01 

S paratyphiX 

K 

6 

2 

1 6 

KE 

4 

0 12 

S pullorum 

K 

0 

8 

0 4 


2 

0 02 

S schottmuellen 

Merck 

6 

2 

0 8 


8 

0 12 

S typhimurium 

K 

1 

6 

<0 4 



0 02 

S typhosat 

FDA 3 

3 

1 

<0 4 

BuSli 


0 03 

Shigella dysenteriae 

K 

<0 

4 


<1 6 




* Polymyxm hydrochloride, B-71-91-2, 1,500 units per mg, kindly supplied hy Dr P G 
Stansly, American Cyanamid Go 

t Streptomycin sulfate. Eh Ldly K8215, 675 umts per mg, kindly supplied by Dr N 
Bohonos, Purdue University 

t Several strains of this species were tested with similar results 

broth contamed 10 g Difco peptone, 5 g NaCl, and 3 g Difco beef extract m 
1,000 ml of distilled water 

The inhibition of a number of organisms by circulm was deterrmned under 
different conditions than those mentioned above, the inhibitory levels of circulm, 
m micrograms per ml, are given after the name of the orgamsm Brucella abortus 
ATCC 7705, 0 3, Mycobacterium avium ATCC 7992, 100 0, Mycobacterium tuber- 
culosis var homims ATCC 607, 30 0, Proteus vulgans ATCC 8427, 67 0, Serratia 
marcescens ATCC 60, 30 0, and Streptococcus faecahs ATCC 6057, 10 0 

In general circulm is considerably more active against gram-negative than 
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against giam-positive bactena, and this differentiates it from known antibiotics 
othei than polymyxin (Benedict and Langlykke, 1947, Stansly, Shepherd, and 
White. 1947) and aerosponn (Brownlee and Bushby, 1948) The antibacterial 
activities of circulm and polymyxin differ The majonty of gram-negative 
bacteria are more sensitive to polymyxin than they are to circulin The opposite 
IS true for gram-positive bacteria From Brownlee and Bushby’s data (1948) 
on the in vitro activity of aeiosporin it is apparent that, in general, circulm is 
also less active than aerosponn against gram-negative bactena but more active 
against gram-positive bacteria This needs to be confirmed Circuhn is, m 
general, considerably more active than streptomycin against gram-negative 
organisms This preparation of circulm differs in antibacterial properties and 


TABLE 3 


Ability of circulm, preparation 88S8, to protect white mice against 
Klebsiella pneumoniae 13-2 2 


DOSE* 

NO OP MICE 

AVEEACE SDSVIVAL TIMEt 

PESCENTACE OP SU2VIVAL 
ON 21ST DAY 

ms ptr ks 

0 

8 

0 1 

0 

3 

8 

1 8 

0 

16 

8 

IS 3f 

88f 

33 

8 

21 0 

100 


* Single dose given by intrapentoneal injection immediately after the animals had been 
infected, also by intrapentoneal injection, with 5 X 10® organisms (approximately 100 
minimum lethal doses) The average weight of the mice was 27 g 

no of days survived by each mouse 

t Average survival time = ; 

no of mice in group 

t Since 1 mouse died within 24 hours after mjection, the average survival time can be 
considered 21 0 days and the percentage of survival 100 


sensitivity to trypsm from the preparations of polymyxin used by us, further 
comparative studies, however, must be done when the pure antibiotics become 
available 

Antibacterial activity in infected animals The activity of circulm (preparation 
8836) m white mice infected with S lyphosa and Klebsiella pneumoniae has been 
studied Twelve white mice were infected subcutaneously with 1,000 mimmum 
lethal doses of S typhosa After 1 hour 6 mice were treated subcutaneously with 
2 mg of circuhn per kg and the other 6 mice with 10 mg per kg All the mice 
receiving 10 mg per kg were protected, but those treated with 2 mg per kg died 
As sho\vn m table 3, an intrapentoneal injection of 16 mg per kg, admimstered 
immediately aftei infection, protected all mice given 100 minimum lethal doses 
of K pneumoniae Although more extensive work is still necessary on the in 
VIVO activity of ciiculm, it is encouraging to note that it protected mice agams 

these two pathogens , x j. o.vn.d.n 

Toximty in mice and rats The information available indicates that circuim 

IS more toxic to nuce than is polymyxin, but not quite so toxic as aerosponn 
Circuhn (preparation 8836) when given to white mice intravenously as a singi 
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dose had an LDso of approximately 23 mg per kg of body weight Subcutane- 
ously in mice the LDso was about 150 mg per kg Stansly, Shepherd, and WOiite 
(1947) reported that the subcutaneous LDso for polymyxin in mice was about 
300 mg per kg Brownlee and Bushby (1948) reported the intravenous LDso 
for aerosponn in mice to be 6 mg per kg In rats the acute intravenous LDso 
for circuhn was about 20 mg per kg, whereas for intramuscular adnaimstration it 
was approximately 70 mg per kg 


TABLE 4 


Determination of acute toxicity of circuhn, preparation 8836, to white mice 


DOSE* 

ho OP lacE 

AVEBAGE SURVIVAL TUIE ! 

PEaCESTACE OP SURVIVAL 
ON 21 st day 

mg per kg 


days 


45 

8 

21 0 

100 

52 

8 

21 0 

100 

65 

8 

15 7 

75 

71 

8 

7 9 

38 

73 

8 

0 

0 


* Each mouse received a single dose mtraperitoneally The weights of the rmce ranged 
from 21 to 30 g With the method of Reed and Muench (1938) the LDso was determined to 
be about 68 mg per kg 


TABLE 5 


Determination of chronic toxicity of circuhn, preparation 8836, to white mice 


DOSE* 

NO OPmCE 

NO OP mCE SURVXVINC ON DAY 

AVERAGE SUR 

PERCENTAGE 

OP SURVIVAL ON 



7 

10 

i “ 

1 


14th DA\ 

ms per kg 

0 

4 

4 

4 

3t 

3 

da^s 

13 0 

75 

45 

8 

8 

8 

7t 

7 

13 5* 

88 

52 

8 

8 

7 

7 

7 

13 2 

88 

66 

8 

1 

1 

1 

1 

1 9 

13 

71 

8 

1 

0 

0 

0 

1 8 

0 


* Intrapentoneal injections of circulm were given daily, at the levels indicated, for 14 
days, or until death occurred The controls were given daily intrapentoneal injections 
of 1 5 ml of distilled water 

t The death of these 2 mice may have been caused by the unusually high temperatures 
(>35 C) in the animal house on the 11th day 

Representative data on the acute toxicity of circuhn given mtraperitoneally 
are summarized m table 4 The LDso was approximately 68 mg per kg of body 
weight The results of prelimmary studies on the chronic toxicity of circuhn to 
white mice, given m table 5, mdicated that a dose of 45 mg per kg could be given 
daily for 10 days, or a dose of 52 mg per kg for 7 days, before death occurred 
The amount of circuhn that could be given safely m daily injections for penods 
longer than 10 days was below 45 mg per kg The exact amount is being 
determined 
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SUMMARY 

The discovery of eircuhn, an antibiotic from an organism closely resembhng 
Bacillus circulans, is described Circulm is similar to polymyxm and aerosponn 
in its abihty to inhibit the growth of gram-negative bacteria more strongly than 
that of gram-positive bacteria However, smce its bactenal spectrum is suffi- 
ciently different from that of polymsoon and that reported for aerosporm, it is 
probably not identical to either Circulm is inactivated by crude trypsin, 
whereas polymyxm is not 

A paper-disk-agar method that is essentially identical to the assay method for 
polymyxin can be used for the quantitative determination of circulm A satis- 
factory medium for the pilot-scale production of circuhn is reported that makes 
the isolation and purification of circulm possible The procedures involved in 
the production of circulm as well as the general properties of a relativelypure 
preparation are descnbed Circulm appears to be somewhat less toxic than 
aerosporm but more toxic than polymyxm Prelimmary experiments mdicate 
that it protects white rmce agamst infections caused by Salmonella typhosa and 
Klebsiella pneumoniae 
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An image pi educed by a micioscope, whethei tluough light oi electrons, can 
convey information only if both of two lequuements aie satisfied The fiist of 
these IS the production of a shaip geometiical image The second is the pio- 
duction of adequate contiast Since the election micioscope is essentially a 
monochiomatie instiument, contrast can be provided only thiough variations 
in intensity Such variations are pi educed mainly by variations m the election- 
scattering pover of the different object points There is negligible absorption 
of elections m those parts of the specimen that are sufficiently thin for satisfactory 
election micioscope e\anunation 

Variations in electiomc scattering powei in the different object points can 
anse either as a lesult of differences in thickness oi as a lesult of differences in 
density or both Differences in electronic scatter mg poiier at the object are 
translated into intensity differences in the image by the action of the objective 
lens aperture This is arranged such that only those electrons that are scattered 
by less than some predetermined angle (a m figure lA) aie accepted and trans- 
mitted to the image points Thus an increase m scattering power of a specimen 
point implies that a larger number of electrons are scattered thiough larger angles 
and hence few^ei reach the image point, resulting, of course, m a reduction m the 
intensity of the image of that point 

The situation m the electron microscope is not quite the same as m the light 
microscope In the latter the numerical aperture of the objective is usuallj’’ con- 
sidered as defining the lesolvmg pow'er of the system, contrast being introduced 
mainly through the use of appiopiiate stains or more recently bj’' phase contrast 
methods How'ever, any light micioscopist is aw'are that the use of low^ei 
numerical apertures leads to somew'hat higher contiast m the image even m fight 
microscopy Since absorption cannot play a sigmficant role m electron imcros- 
copy, the contiast as well as the resolving powei is determined entirely by the 
numerical aperture of the objective In light microscopy the numerical aperture 
(N A ) of the objective is given by the famihai expiession n sm a where n is the 
lefractive mde\ of the object space and a is the angle between the axis of the 
lens and the most diverging ray accepted by the lens (figuie lA) The angle a 
is usually nearly 90° or 7r/2 radian for high-power objectives, so that sm a is 
neaily 1 and the numerical aperture is determined by the refractive index of the 
immersion liquid oi of air for dry objectives In electron micioscopj'' the niimeii- 
cal aperture of the objective is defined m the same w'ay, but a has a value of 1 
and the angle a is alw ays so small that sm a has the same v ilue as a expressed 
in radians Its value can be computed simply by dividmg the ladius of the 
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physical apeiture of the objective by its working distance ActuaUy this ratio 

W 1 -II vates ~ 

lerea tan a = sin a = « when « is expressed in radians (360° = 2,r radians) 




TO INTERMEDIATE 

image (isox) 

\ B 

Figure 1 A diagram comparing the conventional (4) and the tno component (B) 
objectives These are represented schematically by their optical analogies 

It is to be noted that the working distance is very nearly equal to the focal length 
in a conventional electron microscope objective 

In Older to understand the concepts involved in the design of a lens that will 
give the ma\iraum possible contiast m the election microscope image, it is 
necessaiy to explain some of the practical pioblems encountered m conventional 
lenses 
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It has been common piactice to opeiate an electron microscope objective in 
one of two ways The fiist of these is with a veiy laige physical apeiture (N A 
= 03), the second is with an apeituie appiovimately 50 n in diameter (N A = 

0 01) These two modes of opeiation have developed piimaiily because of the 
fact that the election lenses used aie completely uncorrected and, hence, have 
high abeiiations Two of these aberrations aie of impoitance m practice The 
first IS spherical abeiiation, which aiises because the outer zones of the lens 
have different focal lengths (shoitei) than the central region Thus electrons 
that aie scattered widely by the specimen, and go through the outer zones of 
the lens, are not accurately focused Obviously spherical aberration can be 

1 educed (and resolving powei increased) by introducing an aperture that prevents 
the seatteied electrons fiom reaching the image The second abeiration is often 
called the “diffraction defect” and arises because the illumination has a finite 
wavelength Fundamental physical optics shows that all of the infoimation 
contained m a complete hemispherical wave fiont is required to define a point 
to within half the wavelength of the light used Obviously, as smallei parts of 
the wave front are used, the image point will be defined with less accuracy A 
leduction in the numerical aperture of a micioscope objective results in a reduc- 
tion m the amount of the wave front leaving the specimen that is accepted and 
utilized in the image formation, and hence results in a reduction of the resolvmg 
power This is a familiar phenomenon to the light microscopist, but it is not 
seen so easily m the electron microscope because of masking by technical diffi- 
culties From this it can be seen that in the electron microscope the effects of 
an aperture on the spherical and diffraction defects are in opposite directions 
Thus there is an optimum value for the diameter of the aperture and hence of 
the numerical aperture for which these defects are equal and the resolvmg power 
of the lens is a maximum For ordinary electron microscope objectives this 
optimum numerical apertuie usually has a value near 10~-, corresponding to an 
actual aperture diameter of 50 n 

In early electron microscopy, this was the sole practical reason for the intro- 
duction of the small aperture At a latei date, however, it was leahzed that the 
spherical aberration incieased so fast (actually as the thud power) with numencal 
aperture that it could act as a virtual aperture for the lens This meant simply 
that electrons that were deviated too far from the axis were not focused near the 
corresponding image points and hence became background intensity, vhich did 
not inteifere ivith the image Electrons that are not scattered by much more 
than the optimum angle are also not focused exactly to the image points but to 
regions immediately suiroundmg them In the case of isolated particles or edges 
this causes a reduction m the intensity of the image of the particle and mcrease 
in the intensity of the immediately surrounding area Thus for these types of 
specimen the sphencal aberration acts as an effective diaphragm with regard to 
both resolution and image contrast Because of this phenomenon and of the 
many technical difficulties associated with the use of a 50-/1 apertuie, it has been 
common piactice to use the electron microscope with veiy laige physical apei- 
tuies though the resultmg effective numerical apertures are close to the optimum 
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Actually the highest resolutions of 8A have been obtampr) m 



Figure 2 Electron micrographs of the same field obtained n ith the conventional fleft) 
and the two component (right) objectives The tno micrographs nere given the same 
photographic treatment The top pair was enlarged on medium contrast paper (“Koda 
bromide F-S”) whereas the Ion er pair was enlarged on high contrast paper (“I&dabromide 
F-3”) Specimen prepared bj Dr Georges Knaysi, Cornell University, from a culture of 
Bacillus mtjcotdes in a nitrogen-free medium Most of the structures concerned are similar 
to the bodies of tj pe B obser\ ed by Knaysi and Baker (1947) 


practice, this reduction m contrast is much less than might be anticipated from a 
cursoiy exammation of the situation It was also found that the introduction 
of an apeituie of optimum size into a single objectne lens had relativelj'' little 
effect on the contnst obtainable in the images but, on the othei hand, generally 
reduced the lesohong povei of which the lens was capable owmg to electiostatic 
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potentials built up under electron bombardment on the edges of the aperture 
These potentials then caused the small aperture to act as a very poor electro- 
static lens superimposed on the magnetic lens with a definitely detenoratmg 
effect on the image It was recogmzed quite early that a large mcrease m con- 
trast might be obtained if the apertures were made as much as an order of 
magnitude smaller than the “optimum” m the single objective Unfortunately 
it was not possible to make the physical apertures for the smgle objective suffi- 
ciently small without introducing prohibitive detenoration due to the electrostatic 
charge effects mentioned above In fact a 50-/i aperture is the smallest that can 
be made satisfactorily m practice This deterioration is in addition to the re- 
duction in the resolving power that is the result of the mcreased diffraction defect 
of the reduced numencal aperture 

To overcome these difficulties a new lens was designed consisting of two com- 
ponents (figure IB) The first is a weak component that has a focal length of 
about 11 mm and is situated 22 mm from the specimen Thus this lens produces 
a real image at a magnification of umty The second component is a short 
focal length lens of the same design as a conventional electron microscope ob- 
jective The real image produced by the first component is situated very 
nearly at the focal point of this lens, and hence the lens produces a second real 
image at a relatively high magnification (150 X) that corresponds closely to 
the image produced by a standard objective (figure 1^) Thus this new ob- 
jective has essentially the same focal length as a standard objective but has a 
working distance ten times as large 

Smce the numencal aperture is the ratio of the radius of the physical aperture 
to the workmg distance, we are able to use apertures that are still 50 n in diam- 
eter but that result m numencal apertures ten times smaller than would be ob- 
tamed with the same aperture m a conventional lens This very small numencal 
aperture provides a greatly increased contrast (figure 2) but also results m an 
appreciable reduction m the resolving power (60 to 80 A) Fortunately this is 
still adequate for many biological problems 

It should be pointed out that this lens has been used stnctly for experimental 
purposes and is not recommended for general use m the electron microscope 
Its sphencal aberration is as much as 50 times greater than a conventional 
objective Its chromatic aberration is as much as 10 tunes greater, similarly 
mcreased is its sensitivity to changes m the exciting current of the objective 
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The first useful applications of the electron microscope to biology were qmte 
naturally made upon objects that were close to or slightly beyond the limi ts of 
resolution of hght microscopy and that were smtable or eould readily be made 
suitable for exammation by current instruments and techmques In micro- 
biology the morphology of such viruses and bactenophages as could be prepared 
free of cellular debris was clearly made visible for the first time, and details of 
the morphology of bacteria were considerably clanfied Pictures were obtained 
of molecules of purified proteins of high molecular weight (Stanley and Anderson, 
1942) Nevertheless, disappointment was felt that so httle was directly dis- 
cerned in the early work with respect to the finer mtemal structure of the proto- 
plasm itself (Mudd, 1948) 

Improvements in instruments and, m particular, unproved preparative tech- 
mques are gradually making the potentialities of electron microscopy evident 
over a wider range of hving cells and their products Techmques for the ex- 
amination of cells and their components in tissue culture (Porter, Claude, and 
Fullam, 1945), for the exammation of fibrous structures after appropnate fixation 
and staimng (Schmitt, 1945), for metallic shadowmg (Wilhams and Wyckoff, 
1945o,6, 1946, Wyckoff, 1948), and for surface replica (Cosslett, 1948) have 
each yielded valuable data and opened up new possibfiities In particular the 
development of techmques for preparmg tissue sections between 0 1 and 10^ 
in thickness (Pease and Baker, 1948) gives promise in due time of a tissue his- 
tology reveahng structures at least an order of magmtude finer than those 
accessible to hght microscopy 

Instrumental improvements in process of development at the RCA Research 
Laboratories (Hilher, 1947, 1949, Hilher and Ramberg, 1947) and the method of 
growing bacteria on the collodion film on which they are to be exammed m the 
electron microscope (Hilher, Khaysi, and Baker, 1948) have made it possible to 
reveal the nuclei and other internal structures of Escherichia call cells on a finer 
scale than has been accomphshed hitherto 

INSTRUMENTS, MATERIAIiS, AND METHODS 

The bactenal cells used m the present study were of Escherichia call, strain B, 
the host (or possibly more precisely expressed) the source stram of the T senes 
of coliphages (Demerec and Fano, 1945) 

^ This investigation was supported, in part, by a research grant from the Division of 
Research Grants and Fellowships of the National Institute of Health, U S Public Health 
Service Aid was also received from the Theresa F Felsen Memorial Fund 
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A thm film of collodion was deposited on the surface of a nutnent agar plate 
as described by Hilher, Knaysi, and Baker (1948), and this was seeded by a 
droplet of E coli cells suspended m distilled water It is now known that the 
use of a suspension of cells in a 0 05 per cent solution of tryptone (Hilher, ICnaysi, 
and Baker, 1948) makes the techmque much more reliable by elumnatmg its 
dependence on the thickness of the collodion membrane and on the presence of 
imnute quantities of other wetting agents m the inoculum The cultures were 
incubated for about 3 hours Areas then found suitable by examination with a 
low power of the light microscope were cut out and mounted for exanunation 
in the electron microscope as descnbed by HiUier, Knaysi, and Baker (1948) 
Details of internal structure were most clearly revealed m micrographs of un- 
shadowed preparations with the double objective lens and aperture described by 
Hilher (1947, 1949) The extraordmary gam m contrast with the double lens 
and aperture far more than offsets the loss of resolving power with this lens It 
should be understood, however, though the use of this lens gave an mcrease m 
contrast to make visible density differences that were not shown by a conven- 
tional lens, that mcrease was not sufficient to show the nature of the boundaries 
of the regions of different densities In other words, the interpretation of the 
internal structure as shown m these images (figures 1, 2, 8, 10, 11, 12) should not 
be governed by the sharpness of the edge of the cell or of the debns present on 
the collodion membrane except insofar as that sharpness provides a measure of 
the hmitmg resolution possible on the cell for the most favorable type of structure 
Interpretation of certain aspects of the pictures of unshadowed preparations 
was facilitated by pictures of similar preparations after shadowing with chro- 
mium Shadowing of course obscured details of internal structure but revealed 
surface configurations and, m particular, topographical contours of the specimens 
m a way that complemented the unshadowed preparations m several respects 
Since shadowmg itself affords sufficient contrast, pictures of shadowed prepara- 
tions were taken with the standard objective lens, which has higher resolving 
power and is easier to work with than the double lens 

Dr C F Robmow kindly made hght photographs of similar preparations of 
E coll cells fixed and stained Companson of electron and light micrographs is 
of value m the interpretation of both 

Certain pictures are included of cells lysed by a T 2 stock stram of coliphage 
The present study was part of an investigation of the generation of bactenophage 
(Hilher, Mudd, and Smith, 1948) The debns of lysed cells shows details that 
contnbute to the interpretation of normal structure 
Finally enlargements from the plate negatives were made as positive pnnts 
on Eastman “transhte” film The translite film has a longer gray scale than 
pnnt paper, and some details of fine structure were preserved on such trans- 
parencies that were lost m ordmary photographic enlargement 

OBSERVATIONS OP STRUCTURE 

Chromalimc bodies Pictures of cells of E coli, grown on collodion, taken with 
double lens and aperture, show a charactenstic pattern of contrasting hg an 
dark areas within the bactenal protoplasts (figures 1 and 2) The protoplasm 
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Figures 1 and 2 A microcolony of normal E coli cells after hours’ groivth at 37 C on 
thin collodion film overlying 1 5 per cent extract agar m a petri dish Preparation as 
described m text Double objective lens used m making all electron micrographs except 
figures 6 and 7 
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nea,i the poles of the cells and ncu the lines wheie division is occuiiing oi is 
ibout to occui IS usually daik Between the daikei aieas aie hghtei, iiiegulaily 
shaped aieas The light aieas aie not unifoim in shape oi density but appeal 
to contain some daik mateiial Because of the fact that the whole thicluiess 
of the bacteiial cell is in focus in these election miciogiaphs, it is impossible to 
be ceitain whethei the daikei mattei which appeals within the hghtei aieas is 
actually wathm them oi is wathin the piotoplasm above oi below^ the light aieas 
and appeals as supeiimposed upon them Thus e\ammation of these pictiues 
unfoitunately does not lesolve the crucial question as to whethei oi not the 
light aieas lepiesent minute vesicles containing gianules of densei mattei, oi 
whethei the light aieas aie meiely raateiial of lowei density m a densei sui- 
loundmg protoplasm 

The patterns of daik and light areas in the election pictuies aie similar to 
patterns obtained bj'^ Robinow' (1944, 1945, 1949) using cytological methods and 
light micioscopy- Figuie 3 shows a young colony of E cob, stiain B, fixed 
wath osmium teti oxide vapoi The piotoplasm at the poles and neai the lines 
of cell division is daik, and mteiwemng regions of the piotoplasm show' hghtei 
aieas containing daik mateiial Somew'hat similai patterns aie obtained by 
fixing with Bourn’s solution, washing, and staining w'lth thionin (figuie 4) In 
such piepaiations the light aieas appeal, how'evei, to occupy a laigei piopoition 
of the bacteiial cell 

StiUe (1937), Piekaiski (1937), Delapoite (1939), Neumann (1941), Robinow 
(1942, 1944, 1945), Lewis (1942), Peshkov (1945), Tulasne and Vendiety (1947a, 
b, 1948), Malmgien and Hed4n (1947), Boivin (1947), and Hienebeigei -Nobel 
(1947) have shown that individual cells fiom young cultuies of Salmonella, 
Proteus, E cob. Bacillus, and many other bacteiia contain 1 to 4 lelatively laige 
chiomatinic bodies, aiianged in a legulai pattern These stiiictuies aie Feulgen- 
positive, show' signs of giow th and division, and aie believed to be nuclei Robi- 

^ We are indebted to Dr Robinow for making and photographing the preparations show n 
m figures 3, 4, and 5, and to Prof Frank H Johnson for courtesies of the Microbiologic il 
Laboratory, Princeton University 


Figure 3 Young colony of E colt grown Ij hours at 37 C on heart infusion agai , cut out 
and fixed Ij minutes over 2 per cent osmium tetroxide Mounted m hanging block and 
photographed betw een agar surface and cover slip Magnification X 1 ,330 Enlarged 2 X 
Figure 4 Agar squares with E colt grown 14 hours, cut out and inverted on cover slip, 
immersed for 1 hour in modified Bourn’s solution (Baker, 1946) Then w ashed w ith distilled 
water and stained with thionin 1 10,000 in water for 50 seconds Mounted in water 
Viewed and photographed according to Kohler Photographed X 2,000 Enlarged 2 X 
Figure 5 E coli from 48 hour slant grown IJ hours on the surface of heart infusion agar 
The characteristic pattern familiar in electron micrographs w as seen in living cells on a 
hanging agar block with ordinary light The preparation for photography prepared thus 
Agar section cut out and placed in closed vessel over 2 per cent solution of osmium tetroxide 
for minutes Agar block inverted over cover slip Agar was thrown off with rapid 
motion leaving bacteria on slide, which dried almost instantaneously Mount was fixed in 
HgCl , saturated solution (i e , about 7 per cent), 2 parts, 1 part absolute alcohol, 1 minute, 
then to 70 per cent alcohol, thence to warm (56 to 60 C) n HCl for 7 minutes Technique 
exactly as described by Robinow (1944) Washed in tap w ater Thence to Giemsa stain 
(Harleco stock, 3 drops per ml) for 15 minutes Then washed and mounted in Sorensen’s 
m/15 phosphate mixture (1 pait to 19 parts distilled water) and viewed with critical il 
lumination according to Kohler Photographed X 2,000 Enlarged 2 X 
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now And CosslcU (1948) and CossleU (1018) compaicd hgU and olcoUon images 
of cells of a species of Pseudomonas aftei fixation by osmium teti oxide oi founaliii 
vapoi, and of Mycobaclcnum phln, E coh, Proteus vuhjaiis, and Seiralia imi- 
ccscens aftei fixation with acetic acid vapoi The aica of the nucleus was found 
to have less scatteiing powei than the cytoplasm “In osmium- oi foimalin- 
fixcd cells of a species of Pseudomonas the nuclei appealed as chaiacteusticaliy 
shaped gioups of small vesicles and fine gianulcs of much lowei density than the 
sunounding cytoplasm” (Robinow and Cosslett, 1948) 

In a piepaiation of E coh 11 fixed with osmium teti oxide and then with 
sublimate-alcohol, h 3 'dioly/ed with noimai IICI, and stained with Giemsa (fig- 
uic 5) the aieas at the poles of the cells and along the lines of division aie un- 
stained and the “chiomatinic bodies” aic deeply stained The cliiomatinic 
bodies appeal somewhat coaisci in the photogiaphic punt than when viewed 
visually thiough the micioscope 

riie pattern of daik and light aicas m the election microgiaphs of bacfciiil 
cells leficcts election scatteiing fiom the seveial aieas of the piotoplasm Since 
election scatteiing is to a fust appioximation pioportional to the product of 
density by thickness, the (luostion may be laised as to whethei the light aieas 
aic aieas of diminished thickness oi of low density lelative to the daikaieis 
Consideiation of shadowed picpaiations (figuie 7) shows that these light aieas 
aie not adequately explainable as icgions of diminished thickness, since the 
shadows aie fairly unifoim m width along the length of most cells It is to be 
emphasised that these cells weic unfixed, except foi the necessaiy diyiiig foi the 
election micioscope 

That patteins deteimined puncipally by density m the election miciogiaphs 
of E coh coiicspond so w'ell to patteins obtained in light miciogiaphs fiom 
specimens subjected to dilfeicnt types of clicmical fixation shows that the pattern 
IS not an aitifact caused by any paiticulai method of piepaiation and stiongly 
suggests that the stiuctuial dilfcientiations pic-exist m the living cells These 
stiuituial diffeientiations, indeed, may be discerned, although somewhat dimly, 
in living cells examined with the light micioscope in hanging block piepai itions, 
as has been demonstiatcd to us by Di C F Robinow What conclusions may 
be justified fiom these obseivations will be considcicd m the discussion 

Fine hruclure on viaeroinolccular scale Close examination of appiopiiato en- 
laigcments of the best plates taken with the double lens and apeituie leveals 
hne stiuctiiie on a maciomoleculai scale m the bacteiial piotoplasm (figuie 8) 

In favoiablc spots fine gianiiles may be discerned These gianulcs appeal to be 
of the same oidei of magnitude as the granules that aie seen m enormous num- 
beis m the piotoplasm sti earning from lysing cells and in the debus fiom bac- 
teiiophage-lysed cells (figuie 9) These gianules have also been clcaily showm 
by Luna, Delhi uck, and Anderson (1943) 

It IS not possible to state a piecise size foi these gianules Some of the best 
negatives of the debus from bacteiiophage-lysed cells and enlaigemciits of some 
of the same fields weie measured and found to yield a value of (appioximately) 

10 mp for the diametei of the images of the gianules Since the resolving power 
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Figure 6 A microcolony of E coli B grow n 4? hours on collodion film on nutrient agar at 
37 C The standard objective lens used for figures 6 and 7 brings out the nucleus less well 
than the double objective lens (Hillier, 1949) used for the other illustrations 
Figure 7 Same field as figure 6 shadowed with chromium 




Figures 8 and 10 Cells from microcolony of E coli groivn 3| hours as in figures 1 and 2, 
then inoculated with very dilute coliphage suspension, and incubated for anothei 30 nun 
utes The cells in figure 8 were apparently uninfected The fact that the cells in figure 
10 were approximately 50 per cent larger in diameter than those in figure 8 and that a 
phage-lysed cell (not shown here) was found in an adjacent field, suggests that the cells 
in figure 10 were phage-infected and sii ollen although unlysed 

Figure 9 Debris from phage lysis of E coli cells Microcolony grown IJ hours at 37 C 
on collodion, inoculated with coliphage Tj and incubated for 3} hours at 37 C, and then 
left overnight at room temperature 
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of the double lens with small apeituie is seldom bettei than 6 m;i, these measuie- 
ments piovide only a pool estimate of diameteis of the actual pai tides Thus 
sevenl collections must be applied to obtain a value foi the diameteis The 
gieatest of these in oui woik is that due to diffiaction at the objective lens 
apeituie, which amounted to appiovimately 5 m/i Otheis due to maccuiate 
focus and the lesulting Fiesnel diffiaction phenomena at the specimen aie much 
smallei Thus, since all the phenomena that affect the size of the image of the 
gianules add to the actual size, it can be said with assuiance that thefiee gianules 
obseiwed aie less than 5 m/i in diametei Oiganic gianules of this size, if molecu- 
lai in natuie, would have a moleculai weight of less than 50,000 (cf Neuiath, 
1939) 

Very little can be deduced as to the shape of these pai tides Then size is so 
much below'' the lesolution in the image that the shapes of the pai tides aie sub- 
merged by those of the image defects, which aie ahvays ciiculai (Zwmi-ylan et al , 
1945) Careful inspection of the punt fiom w’hich figuie 9 was made, fuithei- 
moie, shows that the images of the fiee particles, though appiovimately unifoim 
in size, differ materially among themselves m density Fiom this it may be 
inferred that they diffei also in composition oi size, oi both This of course 
w'ould be anticipated from the luiowTi chemical complevity of bacterial cells 

The pictuies of these granules shoivn by Luna, Delhi uck, and Anderson (1943) 
weie taken before Fresnel diffraction and phase contrast phenomena (Hilhei and 
Ramberg, 1947) had been recognized and understood It is now' know'n that 
the lugh contrast shown in then pictures w'as the result of phase contrast mtro- 
duced by malcing the election nucrographs with the objective slightly defocused 
How'evei, this results in a considerable decrease in lesolvmg pow'ei and, hence, 
in a corresponding increase in size of the images of the granules by Fiesnel 
diffiaction at the specimen Although the individual corrections that should 
have been applied to their pictures aie different from those in oui w'OiL, the 
magnitude of the sum is approximately the same Thus the measurements that 
Luna, Delhi uck, and Anderson would make on these granules at present w'ould 
be in good agreement with ours and considerably smaller than those they give in 
then paper 

In figuie 8 the visible fine stmcture of the protoplasm presents the appeal ance 
piedommantly of multiple streaks of the utmost delicacy, in any one region the 
streaks appear to be roughly parallel to each other, the streaks appear not to be 
of unifonn density throughout but to be finely granular In figure 10 the streaks 
appear to radiate from a point just above the dark polar mass at the uppei end 
of the cell In this pictuie also the photographic grain of the original plate 
appears in the enlarged print in the giay background above the middle cell of 
the three cells shoivn The photogiaphic giain is an order of magnitude finer 
than the tiabeculae in the protoplasm Photographic gram is doubtless responsi- 
ble for the very finest stippling that is just discermble m the protoplasm of some 
of the enlargements of the bacterial cells but could not account for the macro- 
molecular granules and streaks m the protoplasm In figure 11 the streaks ap- 
peal as parallel to the long axis of the cell, extending to the protoplasmic mem- 
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biane, and in figuie 12 they aie less definite in ariangement These stieaks, 
incidentally, aie fai finei than the folds of the cell wall sometimes seen in pictures 
of shadowed cells and aie not to be inteipreted as pi ejections of such folds 
The most leasonable inteipietation we can offei foi these appearances is that 
the streaks lepiesent lineai aggiegations, possibly of gianulai units of structure 
that aie of the dimensions of protein molecules, and that the appearance of the 
w'hole protoplast is the projection in a two-dimensional surface of a delicate 
three-dimensional latticework The trabeculae of the latticework would appear 
to be linear aggregates, possibly in part of the granular particles (molecules) 
that are so characteristic of the debris fiom lysed cells 
Shadow'ed pictures (figuie 7) show that the cells of the colon bacilli have been 
much flattened down to the mount in drying It is obvious, however, that this 
flattening is fai from presenting a plane only one or a few molecules in thiclcness 
The focal depth of the electron microscope is much greater than the thickness of 
the flattened cells, so that the stmctuie of the whole cell is in focus The prob- 
lem then IS to discern in the two-dimensional picture of the intact cells, and to 
imagine from the mbble of the lysed cells, the three-dimensional architecture 
of the normal protoplasm The picture suggested above, vague and inadequate 
though it IS, IS in good agreement with piediction based on what has been learned 
in other w'ays of protoplasmic structure (Chambeis and Stein, 1948, Mudd, 1948) 
Extremely interesting evidence for a nucleus and maciomolecular-scale fine 
stmctuie m the elementary bodies of vaccinia vims has recently been con- 
tributed by Dawson and McFarlane (1948) 

The cell wall The cell w'all may be seen m figure 13 as a delicate limiting 
surface, distinct from the protoplasmic membrane No differentiation of stmc- 
ture within the cell wall itself is discernible in this oi other pictures of intact 
E coh cells However, pictures showmg the products of lysis of E coh B cells 
with Tz cohphage characteristically contain large numbers of elliptical oi circular 
semitransparent discs such as are shown in figures 9 and 14 It was first pointed 
out to one of us by Dr Wyckoff that these elliptical and circular discs are seg- 
ments of the cell wall Figure 15 shows the ghost of a phage-lysed cell of E coh, 
from which the protoplasm has escaped, leaving the collapsed cell walls mth 
protoplasmic membrane within them An ovoid area is apparent where the 
upper layer of cell wall and protoplasmic membrane have been torn away 
From the tom cell and also from other regions of the cell wall the elliptical 
segments may be seen to originate Granules from lysed cells may also be seen 
surrounding the ghost 

In figure 9 many of these cell wall segments are seen m the debus from a group 
of cells lysed by T 2 bacteriophage Protoplasmic maciomoleculai granules are 
seen to be in close apposition to these cell wall segments In the upper left- 
hand corner of figure 9 a mosaic of seven of these segments is seen with the lines 
of demarcation between the segments marked by adsorbed protoplasmic granules 
Available data do not permit us to decide whethei these elliptical and circul 11 
segments of cell wall actually are differentiated in the cell walls of the noimal, 
intact bacteria, smce such segments have only been found in the residues of cells 
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Figures 13 Cells from same specimen as figures 8 and 10 

Figure 14 E coli cells from 18 hour growth on extract agar and phage from plaque on 
same plate mixed in a drop of distilled water and allowed to stand 5 minutes bo 
fore mounting 

Figure 15 Ghost of phage-lysed cell of E coh from same specimen as figure 9 
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lysed by coliphage Conceivably they could be eioded fiom a uniform cell wall 
by some piocess incident upon the geneiation of coliphage withm the infected 
E coll cell Alternatively the noimal cell wall may actually be a mosaic that 
leveals its stiuctui d diffeientiation undei the stiess of phage Ij'sis In desciib- 
ing the cell walls remaining after osmotic lysis of maime lummous bactena, 
Johnson, Zwoiykin, and Waiien (1943) note that “the ghosts reveal a mosaic 
density, wath relatively transparent, loughlj’^ circular, or sht-like areas ” 

DISCUSSION 

The question of the existence of a morphologically distinct nucleus m bacteria 
has long been controversial Reference to older view's and literature may be 
found m Dubos (1945) 

Within recent years, how'ever, a nuclear apparatus m bactena has been 
demonstrated by a very considerable number of cytologists, usmg a variety of 
criteria Thus Stille (1937) demonstrated Feulgen-positive granules m species 
of the genus Bacillus and Piekarski m coliform bactena, Proteus, Pseudonomas 
aeruginosa, and Serratia marcescens (1937) and m B mycoides (1940) The 
Feulgen reaction has a high degree of correlation with the presence of desoxyri- 
bonucleic acid These charactenstic granules were demonstrated by Piekarski 
also by subjectmg the cells to hydrolysis with normal hydrochloiic acid and 
staining with Giemsa, and by stainmg with Giemsa and differentiatmg with eosm 
(1940) He designated the Feulgen-positive, Giemsa-positive granules “nu- 
cleoids ” 

Similar nuclear granules w'ere clearly demonstrated mdependently by Neumann 
(1941) m cells of Proteus, E coli. Bacillus, and others, usmg both the Feulgen 
reaction and Giemsa stainmg The chromatmic structures demonstrated by 
Neumann, Stille, and Piekarski by Feulgen and Giemsa stammg were m excel- 
lent agreement 

The fixation, acid-hydrolysis, Giemsa-stainmg piocedme has been perfected 
by Robinow (1942, 1944, 1945) and applied to vegetative bacteiial cells and 
spores to reveal the charactenstic “nucleoids” oi “chromatimc bodies” imdei a 
variety of conditions (Rob mow', 1949) The chiomatmic bodies have been 
demonstiated, in confiimation of Piekarksi, Neumann, and Robinow, by Lewis 
(1942), Peshkov (1945), IGienebeiger-Nobel (1947), Bisset (1948), Duguid 
(1948), and Flewett (1948), among others Similar chiomatmic bodies, also 
inteipieted as a nucleai appaiatus, have been demonstiated b}' somewhat 
different methods by Delapoite (1936, 1939-1940, 1948) 

Piekarski (1938), aided by Professor A Kohler of the Zeiss works m Jena, 
applied ultraviolet micrography to the demonstration of the nucleoids m favoi- 
able stiains of bactena Granules absoibmg ultra^'lolet of 2,750 A, and corre- 
sponding to the Feulgen-positive nucleoids, were demonstiated m Bacillus and 
Sarcina alba The aulhoi states explicitly, howevei, tint foim-dehnexting 
imaging of the nucleoids, w'hich measuied about 0 25 to 0 4 /i, was not possible 
because their dimensions appioximate the wave length of the ultraviolet light 
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To observe details of shape and structure would requiie dimensions several times 
the wavelength of the illumination used ^ 

Anothei ciiteiion, namely the reaction to enzymes, has been brilliantly ap- 
plied by Boivin (1947) and his collaboiatois to demonstiate the nuclei The 
cytoplasm of bacterial cells, m paiticular young cells, is rich m nbonucleic acid 
which makes them strongly basophilic Vendiely and Lipaidy (1946) disclosed 
the chemical mechanism of Robinow’s technique by showing that hydiochloiic 
acid eliminates nbonucleic acid rapidly and desoxyribonucleic acid slowly, so 
that caieful hydrolysis ivith this leagent suppresses the basophilia of the cyto- 
plasm, leaving almost intact the basophilia of the nuclear gianules Tulasne 
and Vendrely (1947a,b, 1948) have successfully eliminated the cytoplasmic 
nbonucleic acid by treatment with iibonuclease The nuclei aie then cleaily 
demonstrated by staining with Giemsa, in good agieement with the lesults fol- 
lowing Robinow’s procedure Tieatment rvith deso\ynbonuclease‘‘ following 
that with ribonuclease eliminates also the nuclear granules 

The fact that uniform staining of cells fiom young cultuies and unifovm 
opacity of these cells to elections are both due to nbonucleic acid was inde- 
pendently recognized by ICnaysi and Baker (1947), who removed the nbonucleic 
acid by making use of the ability of the endospoies of Bacillus mycoidcs (strain 
Ca) to utilize this substance as a souice of N and P when it geiminates m a 
medium not containing these souices 

Results concoidant with the above have lecently been obtained by Malmgren 
and Hed4n (1947) using ultraviolet photometiy in paiallel with cytological 
methods Young cells absoib stiongly the 2,570 A ultraviolet ladiation used 
and are stiongly basophilic After elimination of the cytoplasmic nbonucleic 
acid by hydrochloric acid, the nuclei aie cleaily demonstrable by the Schiff 
leagent (Feulgen reaction) Functional aspects of the bacterial nucleus are 
discussed by Caspersson (1947) 

Investigation of the bacteiial nucleus by co-oidinated cytological obseivations 
with the light microscope and with the electron microscope was fiist attempted 
by Piekarski (1939) and by Piekaiski and Ruska (1939) In election micioscopy 
this was pioneer work, a sufficient backgiound of expeiience had not yet been 
accumulated to affoid an adequate basis for disci immation between abnormal 
appearances m aged and injured cells and the noimal structures actually undei 
mvestigation 

An extensive cytochemical investigation of a pigmented staphylococcus was 
conducted by I^naysi (1942) Gianules weie demonstiated that stained with 
methylene blue at pH 1 8 to 2 0, weie insoluble m boiling watei foi 10 minutes, 
or in 0 02 pei cent NaHCOs for 2 hours, gave the Millon and Shaip tests foi 


3 The exact statement is, “Wir konnen also aucli bei der weiszen Sarzine mcht von einer 
obicktgleichen Abbildung dor kern vhnhchcn Strukturen reden, noil die fur objekt 
gleiche Abbildung notnendige Mindestgrosze vom mehrfachen Wert der WcllonUvngc 

Lichtcs mcht erreicht wird ” ^ , „a nnimia 

* For a discussion of the specificity of desoxyribonuclc ise see C ilchcside iml 
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protein, and a positive Feulgen reaction The resting cells contained a single 
granule, round >' slight. elhpsoidal Actively growing cells contained from 2 
to 4 granules of shapes ludicatmg elongation and division It was concluded 
that these granules were, both chemically and morphologically, of nuclear nature 

Eiiaysi and Mudd (1943) restudied the granules m the same stram of staphylo- 
coccus, usmg electron microscopy both at 60 KV and higher voltages With 
127 KV electrons, the granules were very clearly demonstrated m a culture 48 
hours old In very young, actively growmg ceUs, the granules appeared reduced 
in size, and m some cells were not visible A certam mcrease m the opacity of 
the cytoplasm was also noted They concluded “These observations can readily 
be explamed by ass umin g that, durmg active growth, the matenal formmg 
granules exists partially in solution ” 

The fact that contrast m electron-scattenng abihty as between nucleus and 
c 3 d;op]asm might be completely obscured by changes withm the normal growth 
cycle of the bacterial cell was not clearly imderstood at that tune Malmgren 
and Heddn (1947) have smce demonstrated a marked mcrease m the ratio of 
cytoplasmic nbonucleic acid to nuclear desovynbonucleic acid m young, actively 
growmg cells The present authors beheve that the conclusion that the nuclear 
granules m the foregomg study were partially m solution was not a necessary 
conclusion from the failure to see the granules clearly m the electron micrographs 
Likewise, failure to see nuclear granules m ceUs of Netssena gonorrhoeae, Staphylo- 
coccus aureus, and Streptococcus pyogenes we beheve may have been due merely 
to failure to obtam adequate contrast m the electron micrographs, and did not 
justify the mterpretation that the nucleus in those ceUs was diffuse 

In subsequent work Khaysi and Baker (1947) studied opaque bodies mter- 
preted as nuclei m ceUs of B mycoides grown out from washed spores that had 
genmnated m a medium lackmg m mtrogen and phosphate Under these condi- 
tions the cytoplasm became gram-negative (Knaysi, 1948o) and was relatively 
transparent to electrons, and the nuclear bodies were relatively opaque These 
bodies “take nuclear stams m the conventional m ann er ” Further correlation 
of these observations with the results of detailed cytological mvestigation of the 
same matenal would be most desirable 

In reviewmg this work Knaysi (1948b) has wntten 

Only recently (Knaysi and Baker, 1947) was it possible to prove the existence of at least 
two nuclei m the forespore of Bacillus mycotdes These nuclei are at first polar, but later 
may occupy other positions A s imil ar picture was observed with the bght microscope m 
spores which used up part or all of their ribonucleic acid but failed to germmate Such 
spores stain readily without a previous treatment and show nuclei in polar and other posi- 
tions Stamed by the Feulgen techmque, the spores show what appears to be one to several 
nuclei withm the cytoplasm 

Correlated cytological and electron microscopic observations on the nuclear 
apparatus by Robmow and Cosslett (1948) and Cosslett (1948) have already 
been referred to m this paper It is confusmg that the nuclear apparatus of 
bactena should be depicted as less opaque than the surroundmg cjdoplasm m 
the studies of Robmow and Cosslett and m the present study and represented 
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as more opaque than the cytoplasm in the study of linaysi and Baker (1947) 
However, the bacteria observed by Robmow and Cosslett and the cells of E coh 
presented by ourselves were young, actively growing cells Under these condi- 
tions the opacity of the cytoplasm to electrons would be expected to be relatively 
high owing to the abundance of ribonucleic acid characteristic of this growth 
stage By contrast the cells depicted by Knaysi and Baker were growing very 
slowly m a medium deficient m mtrogen and phosphate under conditions in 
which they were described as usmg up their c 3 d;oplasmic ribonucleic acid We 
believe that both mterpretations concerning the nucleus are in all probabihty 
correct However, it would be most desirable to have this pomt settled by new 
observations on cells obtained from spores gerrmnated under the starvation con- 
ditions and studied both by electron microscopy and by the osmic-acid-HCI- 
Giemsa techmque 

The general correspondence in appearance of nuclear structures revealed by 
the light and ultraviolet microscopes in the investigations cited above should 
not imply that the detads of the structures are demonstrated accurately by those 
instruments In fact the mam contribution of the present work with the electron 
microscope is that the actual structural differentiations are more complex and on 
a much smallei scale than w^ould be suspected from light micrography The 
electron microgiaphs (figures 1, 2, 11, 12) have a resolution of approximately 
0 03 /a in those thinner portions which have structures of sufiBcient density In 
other parts of the cell the resolution degenerates considerably for the reasons of 
contrast and overlappmg of structures discussed above, its worst value being 
01 m Thus, the resolution is everywhere at least threefold better than m the 
light micrographs Although with this improved resolution the chromatinio 
bodies appear much more irregular than m the light micrographs, there is con- 
siderable evidence that the structures responsible for the images obtamed are 
still somewhat beyond the resolution available and hence their precise details of 
structure are yet to be defined If we assume, for the present, that this more 
complex structural differentiation exists, we must assign dimensions below 01 m 
to many of the mdividual components The question then arises as to whether 
all or only some of these components comprise the nucleus of the cell The light 
microscope does not give the answer owing to its hmited resolvmg power Even 
assuming that the staimng relations provide uneqmvocal criteria for identifymg 
the nucleus, it is not possible to distingmsh whether all or only parts of the 
regions descnbed as chromatmic bodies are taking the stain Unfortunately, 
though our electron microscope work has raised this question, it also is unable 
at present to provide the answer The finer structures that appear to exist have 
not been well defined because of the contrast limitations on resolution Further- 
more, with the electron microscope as with the hght microscope, identification 
of the nucleus might be rendered more certain by demonstration of its behavior 
m the growmg cell The technique used may make possible the apphcation of 
this criterion for the electron microscope work, but as yet it is not sufliciently 
refined From this discussion it is evident that we believe that any attempt o 
assign defimtive details of structure to the nucleus on the basis of either the ig 
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or electron micrographs would be premature, but that the present work has 
served to orientate more accurately future work on this problem 

The more accurate imaging of these structures depends entirely on the abihty 
to improve the contrast The probability of domg this by instrumental devel- 
opment IS not great, though the effects of usmg the present apparatus m con- 
junction with higher energy electrons are still to be studied A second approach 
IS by appropriate treatment of the specunen Selective stammg with matenals 
with high electron-scattering power is an obvious techmque but has fundamental 
limitations m that it requires the addition of considerable material to an already 
crowded specunen, resulting m distortions, and furthermore m that it enhances 
rather than reduces the confusion due to the overlappmg of structures The 
selective removal of mateiial by a process leaving the remainder of the specunen 
undisturbed would appear to be a more logical approach An etching techmque 
that removes material atom by atom from a dned specunen may satisfy these 
requirements (Hilher, 1948) Still another possible approach, which has been 
opened recently, is that of sectiomng bactena (Pease and Baker, 1948) Also a 
more extended examination of small bactenal cells and other structures of low 
density may disclose specimens m which protoplasmic orgamzation can be more 
clearly discerned 

The second aspect of the problem, namely, the study of the behavior of the 
structures as the orgamsms grow, requires the development of accurate quantita- 
tive controls on the present growmg techmques so that reproducible time studies 
with sufficiently short intervals can be made There appear to be no funda- 
mental difficulties involved, and the electron microscope provides a sensitive 
means of evaluatmg practical possibihties 

SUMMARY AND CONCLUSIONS 

The techmque of growmg bacteria onathm film of collodion overlymg nutnent 
agar (HiUier, Knaysi, and Baker, 1948) makes it possible to take electron nucro- 
graphs of microcolomes that have not been subjected to mechamcal disturbance 
or to the alterations caused by suspending the cells m distilled water 
A newly developed double objective lens with aperture, by greatly mcreasmg 
contrast, has revealed mtemal structure in cells of Escherichia coli to a degree of 
fineness that had been predicted but not hitherto achieved 
In cells of E coli thus exammed, the nucleus appears as a complex pattern of 
irregularly shaped hght areas between the darker areas at the poles and along 
the potential hnes of division of the bactenal cells These patterns correspond 
to patterns seen m less detail m young cells fixed with osmic acid vapor and to 
the “chromatimc bodies” in specimens prepared by Robmow’s osmic-acid-HCl- 
Giemsa techmque and by other cytological methods 
The nucleus already revealed by vanous workers by chromatin stammg, the 
Feulgen reaction, and ultraviolet photomicrography is therefore shown m unfixed 
and unstamed ceUs by electron nucrography The nucleus appears m somewhat 
finer detail m the electron micrographs than in photomicrographs Neverthe- 
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less, present limits of resolution do not permit assignment of definite structural 
details to the nucleus 

Fme structure on a macromolecular scale can be discerned withm the bacterial 
protoplasm in electron micrographs under most favorable conditions This 
structure is interpreted as a delicate three-dimensional latticework in which the 
trabeculae are aggregates of particles of the order of size of protein molecules 

The cell wall of intact cells of E coh shows no evidence of mtemal structure 
However, in the ghosts of phage-lysed cells and in the debris of phage lysis the 
cell wall can be seen to have been subdivided mto elliptical and circular segments, 
whether these segments pre-exist m the normal cell wall or are newly formed 
durmg phage lysis is not known 

Electron micrography of E coh cells under improved conditions therefore 
reveals the nucleus and new evidences of organization and pattern m the bac- 
terial cell 


Quart J Microacop Sci , 
J Gen Microbiol , 2, 
J Hyg , 46, 
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With one possible exception (Maier-Bode, 1940), the fungicidal possibilities of 
the brominated acetamides appear to have been overlooked Interest m this 
group stems from an assay of a-bromoacetanihde The marked inhibition shown 
by this compound led to the preparation of a considerable number of N-alkyl- 
and N-aryl-substituted a-bromoacetamides The syntheses of these two groups 
of compoimds have been reported (Weaver and Whaley, 1946&, 1947) In this 
paper aie reported fungus growth assays upon 26 alkyl-substituted and 7 aryl- 
substituted bromoacetamides, together with 3 chlormated aryl acetamides 

Method The assay procedure is basically sunilar to that employed by Bate- 
man (1933) and Vmcent (1947) Biiefly, it consists m comparmg the ladial 
growth rates of the test fungus upon nutrient agars contammg known concen- 
trations of the toxic agent with that of a control agar contammg no inhibitor 
A culture medium of the following composition is prepared and then steam- 
sterilized foi 20 nimutes at 15 pounds pressure ammomum nitrate, 3 0 g, 
magnesium sulfate ( 7 H 2 O), 0 0 g, potassium chloride, 0 5 g, potassium acid 
phosphate, 2 0 g, ferrous sulfate, 0 01 g, glucose (U S P granular), 30 0 g, agar 
(Difco), 20 0 g, distilled water, to make 1,000 ml, adjusted to pH 5 5 after 
sterihzation The morganic chemicals are Baker’s “analyzed” or equivalent 

Measured quantities of the warm, still liquid medium and the toxicant are 
nuxed m a Waimg blender Even with materials difficult to dissolve, the dis- 
persions so prepared are fine and uniform, and they display a gratifying degree 
of stability The mixture is then poured directly mto sterile 100-mm petri 
plates, about 30 ml per dish, a portion bemg reserved for serial dilutions with 
additional nutrient medium 

Separate spore suspensions of each of the two test organisms are prepared by 
washmg agar slants of the molds with several 5-ml portions of distilled watei 
After the medium has sohdified, the dish is given a smgle spot moculation and 
then mcubated at 30 C The diameter of the developmg mycehum is measured 
at least once daily All dishes are prepared m triplicate and the average diam- 
eters computed These values are then plotted agamst mcubation time, and 
the growth rate is determmed as the slope of the best straight Ime through the 
points The inhibition may then be calculated as follows 

C — T 

I = — ^ — X 100 per cent 

m which I = percentage of inhibition, C — growth rate of control, mm per 
hour, T = growth rate m toxic agent, mm per hour 

* The writers are grateful for the co-operation of Drs Warren E Weaver and Joseph P 
LaRocca of this laboratory 
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Table 1 Inhtbtlton of A mger by N-subs hluted hr omoacctamidca 

TEKCENTAGE OP KETASDATION 

Molar.ty(Xia-.) Molarity (XIQ-Q Molarity (X10-‘) j Molarity (X ICC) 
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Table 2 Inhibition of Trickoderma by N-subslituted bromoacetamides 
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COMPOUND 

a-Bromoacetamide 

N Methyl a bromoacetamide 

N -Ethyl-a-bromoacetamide 

N Allyl-a bromoacetamide 

N n Propyl-a bromoacetamide 

N-Isopropyl-of bromoacetamide 

N -n-Butyl-a-bromoacetamide 

N-Isobutyl-o! bromoacetamide 

N scc-Butyl a-bromoacetamide 

N n Amyl-a bromoacetamide 

N-scc Amyl a bromoacetamide 

N-Cyclohexyl a bromoacetamide 

N -n-Hexyl-a-bromoacetanude 

N-(2 Ethylbutyl) a-bromoacetamide 

N-n Heptyl-a bromoacetanude 

N n Octyl a-bromoacetanude 

N-n Decyl a bromoacetanude 

N,N-Dimetbyl a bromoacetanude 

N,N Diethyl a-bromoacetamide 

N,N-Dipropyl a-bromoacetamide 

N,N Diisopropyl a-bromoacetamide 
N,N-Di-n-butyl a-bromoacetanude 
N,N-Dnsobutyl-a bromoacetamide 

N,N Di-sec butyl a bromoaeetanude 

N,N-Di n amyl-a bromoacetamide 



342 


JOHN M LBONAED AND VIRGINIA L BLACKFORD 


[VOL 57 



iromoaoetamK 



1949] 


FXJNQUS-INHIBmVE PROPERTIES OP BROMOACETAillDES 


343 


o O ® 

c3 c5 
^ O p 

gas 
S 23 
g pq o 
<i a 8 


O 

® J3 

■H a 

-S ~ ^ 

'O rt ^ 
^ & O 

C O C} 
c3 O O 

° § I 
§ s I 

o ^ ^ 

(4 *13 „ 

O CJ a 

3 _S 
o Eh ^ 

P ai 

a a;;! 

iT 8 e. 


o o 

'5 

'S S -S 
a ^ a 
w o ^ 


s ° a 
o a o 

9 2 g 
2^2 
^ a ^ 
a ^ a 


^•25 

.a a o 

o o :s 



344 


JOHN M LEONARD AND VIRGINIA L BLACKFORD 


[vOL 57 


TABLE 5 

Relative toxicities of N-alkyl bromoacetamides 


COIIPOUKD 


Bromoacetamide 

N-Methyl-a-bromoacetamide 

N-Ethyl-a-bromoacetamide 

N-Propyl-a-bromoacetanude 

N-Allyl-a-bromoacetamide 

N-Isopropyl-a-bromoacetamide 

N-Butyl-a-bromoacetamide 

N-Isobutyl-a-bromoacetamide 

N-sec-Butyl-a-bromoacetamide 

N-Amyl-a-bromoacetamide 

N-sec-Amyl a-bromoacetamide 

N-Cyclohe'^yl-a-bromoacetamide 

N-Hexyl-a-bromoacetanude 

N-2-(Ethylbutyl)-Q:-bromoacetaimde 

N-Heptyl-of-bromoacetamide 

N-Ootyl'a-bromoacetamide 

N-Deoyl-or-bromoacetanude 

N , N •Dunethyl-a-bromoacetanude 

N, N-Dipropyl-a-bromoacetamide 

N, N-Diisopropyl-a-bromoacetamide 

N, N -Dibutyl-a-bromoacetamide 

NjN-Diisobutyl-a-bromoacetamide 

N, N-Di-sec-butyl-a-bromoacetamide 

N, N-Djamyl-a-bromoacetaimde 


A mCES 

TMCHOPrauA 

I&bibitive dose 

Inhibitive dose 

(u X 

Rack 

(u X J0-‘) 

Rani. 

10-20 

7-14 

10-20 

8 

10-20 

7-14 

20-40 

9 

10-20 

7-14 

40-60 

11-12 

10-20 

7-14 

40-60 

16 

10-20 

7-14 

40-60 

11-12 

40-W 

18-19 

>100 

22 

8-10 

6 

10-20 

4 

10-20 

7-14 

40-60 

15 

80-100 

21-22 

100-200 

21 

4-6 

5 

>10 

6 

40-60 

18-19 

>100 

18 

10-20 

7-14 

40-60 

10 

1-2 

1-3 

8 -10 

3 

20-40 

15-17 

40-60 

13-14 

1-2 

1-3 

>6 

5 

1-2 

1-3 

4-6 

2 

2-4 

4 

2~4 

1 

20-40 

15-17 

>100 

19 

80-100 

21-22 

>100 

20 

400-600 

25 

200-400 

24 

20-40 

15-17 

40-60 

13-14 

60-80 

20 

80-100 

17 

200-400 

23-24 

200-400 

25 

>10 

7-14 

>10 
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TABLE 6 


Relative toxicities of halogenoacetanilides 



A KICEZ 

mCHODESUA 

COJCPOUND 

Inbibitive dose 

Tnhibitive dose 


(u X i(r‘) 

Rank 

(a X 10-‘) 

Rank 

Acetanilide 

800 

11 

>800 

11 

a-Bromoacetanilide 

2-4 

(1) 

>10 

1 

a-CMoroacetamlide 

40-60 

7 

>100 

7 

o,a-DicHoroacetaniIide 

400-600 

9 

400-600 

9 

a,a,a-Trichloroacetanilide 

>600 

10 

>600 

10 

p-JIethyl-a-bromoacetanilide 

>10 

6 

>10 

6 

p-Chloro-a-bromoacetanilide 

2-4 

(2) 

>10 

3 

o-Methyl-a-bromoacetanilide 

2-4 

(3) 

10-20 

4 

p-Carboxy-a-bromoacetanilide 

100-200 

8 

60O-S00 

8 

p-Acetyl-a-bromoacetamlide 

N-( 2 -NaphtbyI)-a-bromoacetamide 

>10 

8-10 

1-5 

(4) 

20-40 

40-60 

2 
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A prelunmary assay is made to guide m the selection of the proper range of 
concentration foi each compound This trial usually consists of three successive 
tenfold dilutions of a given material 

Materials Except for the last two items of table 1, the toxic agents are identi- 
cal with those described by Weaver and Whaley The two compounds men- 
tioned have recently been prepared by Dr J P LaRocca of this laboratory 
The mgredients of the nutrient medium are characterized m the foregomg 
formula The orgamsms employed are Aspergillus mger, ATCC 6277, and 
Tnchoderina mnde, USDA T-1 


RESULTS 

The inhibition data, calculated from the growth measurements, aie presented 
m tables 1 to 4 From these tables are excerpted the respective concentration 
ranges covermg the 100 per cent inhibitive dose These are shown m tables 5 
and 6 On this basis, the compounds are rated, as nearly as possible, m numen- 
cal order of toxicity When possible, and when necessary to the assignment of 
an ordmal ratmg, logarithmic dosage response curves were extrapolated to 100 
per cent inhibition to obtam values for the totally inhibitive doses given m the 
last column of tables 5 and 6 


niscussioN 

The data disclose several pomts of mterest regardmg the response of the test 
organisms to this group of toxicants Although the stram of Tnchodenna almost 
mvariably shows a graduated inhi bition over a considerable concentration range, 
this IS seldom true of A mger On decreasmg dosage, the inhibition level of the 
latter orgamsm usually shifts abruptly from totahty to a neghgible value m the 
next dilution With regard to the dosages requned for total inhibition, the two 
organisms show a marked parallelism, A mger bemg inhibited at the lower con- 
centration levels On the basis of the observed and estimated doses for total 
inhibition, the comparative ratmgs of the two orgamsms show a remarkable 
degree of concordance With other types of toxicants this close agreement 
seldom obtams It imphes at least one element of similanty m the physiology 
of the two fungi 

Durmg this study the controls of the two fungi showed consistent, but widely 
different, rates of growth, the radial mcreases bemg m the range 0 23 to 0 25 mm 
per hour for Aspergillus mger and 0 93 to 1 0 mm per hour for Trichoderma 

Inspection of table 1, showmg the responses of A mger to the alkyl-substituted 
compounds, discloses the above-mentioned tendency of this orgamsm to shift 
abruptly from total inhi bition to little or none In the lower concentrations 
stimulation occurs frequently, as mdicated by the negative (— ) signs This 
acceleratmg action of toxic materials at extreme dilutions is a common phe- 
nomenon observed and speculated upon by Bateman (1933) and others In this 
study there is no attempt to interpret it Analysis of the A mger data (tables 1 
and 3) is confined to observmg the respective ranges of total inhibition and 
thereby rankmg the compounds m serial order of toxicity (tables 5 and 6) 
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Among the alkyls (table 5), the maxmmm observed tovicity is displayed by the 
hexyl-, heptyl, and pctyl-substituted compounds, followed by decyl- and amyl- 
substituted compounds m that order These are the only alkyl substituents that 
defimtely raise the toxicity agamst A mger above that of the unsubstituted 
compound, a-bromoacetamide Withm the lumts of the expenmental method, 
methyl, ethyl, propyl, alkyl, isobutyl, and cyclohexyl substituents are quite 
innocuous, smce they have about the same activity as the nonsubstituted mole- 
cule The rest of the samples, which mcludes all of the di-substituted materials 
and all of those bearmg branched chains, are less active 
The gradational response of Tnchoderma (tables 2 and 4 ) makes this portion 
of the data more fruitful In the majority of cases, logarithmic plots of the 
dosage response data yield reasonably straight hnes By extrapolation of these 
Imes, the inhibitmg dose has been estimated The values, presented m tables 5 
and 6 , are the basis of the serial ratmgs given m the same tables In terms of 
relative toxicities of the alkyls, the findings with TTwhodemia are quite similar 
to those obtamed with A niger The most notable exceptions are the defimtely 
lower ratmgs of the heptyl and amyl compounds and the higher ratmgs of N- 
decyl-a-bromoacetamide As before, the methyl group appears to confer no 
special toxicity, other substituents appear detrimental 
The C 4 to Cia compounds that are most toxic display also the steepest dosage 
response curves The slopes of di-substituted compounds are conspicuously flat, 
but the rest have mtermediate slopes, approximatmg that of the unsubstituted 
compound These differences suggest strongly that at least three toxic mecha- 
nisms, each differmg quahtatively from the others, are mvolved m this alkyl 
senes The special toxicity of the C« to Cio alkyls herem reported receives a 
measure of support from unpublished data of this laboratoiy, in which a homol 
ogous senes of alkyl ammes shows an mcreasmg toxicity commencmg at Cs and 
persistmg to the end of the senes, Cis This suggests, of course, the extension 
of the present study beyond the decyl compound To that end, N-dodecyl-a- 
bromoacetanude and N-tetradecyl-a-bromoacetamide were prepared as previ- 
ously stated Analytical data are lackmg and no claims for punty are made, 
but characterisations of identity are beheved to be correct The hnuted assay 
data are appended to table 1 Because of the low fungistatic activities, nofurther 
work on long-cham N-alkyls is contemplated at present 

The aromatic substituted compounds of tables 3 and 4 are worthy of mention 
None surpass m toxicity the N-phenyl compound that provided the original 
stunulus for this study Especially notable is the p-acetyl compound The 
carbonyl configuration might be expected to augment the over-all molecular 
toxicity Multiphcity of toxic groups, however, seldom mcreases the toxicity 
of a molecule, as has been pomted out m a previous report from this laboratory 

(Weaver and Whaley, 1946a) , 

In table 6 it will be noted that the relative position of the p-acetyl compouM, 

accordmgtotheA mger assaj^s, is somewhat doubtful If this sample is omitt , 

the two organisms rate with the ten remammg compounds m precisely the same 
sequence 
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At present httle additional information on this mterestmg class of materials 
exists in this laboratoiy Theie are laboratory and field data mdicatmg that 
a-bromoacetanilide has potentialities for suppressmg mildew growth on organic 
coatings With special reference to the alkyls, physical data are confined to the 
characterizations made by Weaver and Whaley (1947) Solubihty studies 
should be made and the physiological properties studied Potencies agamst 
other orgamsms must be disclosed and applicatory possibilities explored In 
the extension of this study to new compounds, the possibilities of long-cham alkyl 
substituents upon the phenyl group of the aryls should be exammed The a,a- 
dibromo compounds may have potentialities, though the relative activities of 
the monochloro and the dichloro compounds mdicate othenvise 

SUMMARY 

A group of new compounds, 26 N-alkyl a-bromoacetamides and 10 N-aryl 
a-haloamides have been assayed as fungus inhibitors The method depends upon 
detenmnations of the radial growth rates of the test organisms upon nutrient 
agars contammg definite concentrations of the toxicant 
A high order of toxicity is mdicated for certam bromoacetamides, notably the 
N-phenyl and the N-alkyls m which the substituent contams four to ten carbon 
atoms 

The mono-N-substituted compounds are more active than the di-substituted, 
the primary alkyls are more active than the secondary, and the normal chams 
are more potent than the branched ones 
Among the aromatic compounds, none exceeded the simple N-phenyl deriva- 
tive, bromoacetanilide, m activity 

On the basis of limited observations it is predicted that the chlonne analogs 
of these compounds are much less active, and that polyhalogenation of the carbon 
will not augment the fungistatic powers 
The dosage response data mdicate that the action of these toxic compounds is 
not attnbutable simply to the activation of bromme or to any other smgle 
mechamsm 
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Laboratory studies have shown that chloramphenicol, “chloromycetm,” is an 
effective agent agamst a number of gram-negative orga nism s This is true not 
only when the antibiotic is tested tn mtro (Smith et al , 1948) but also when used 
%n VIVO to treat certam experimental infections of animals (Schhngman and 
Mannmg, 1948) In addition, Woodward et al (1948) have reported that 
chloromycetm is an efficient chemotherapeutic agent for patients with typhoid 
fever Accordmgly, the present studies were undertaken to determine the activ- 
ity of this drug agamst Vtbno comma both ^n vitro and m the treatment of mice 
experimentally moculated with this organism The data presented here were 
collected mdependently m our two laboratones Although there were certam 
differences m the methods of conductmg the experiments m Washmgton and 
Detroit, the findmgs of the two institutions serve to confirm and supplement 
each other 


IN VITHO EXPERIMENTS 

Chloromycetm was tested for its inhibitory effect upon two strains of Vibno 
comma (Inaba and Ogawa) cultured m smgle strength bram heart infusion broth 
(pH 7 6) Complete inhibition of growth was obtamed with 0 005 mg of chloro- 
mycetm per ml of culture medium The amount of drug necessary to cause 
50 per cent inhibition of growth as determmed by turbidimetnc assay (Smith 
et al , 1948) was approximately 0 00025 mg per ml of medium 

IN VIVO EXPERIMENTS 
Material and Methods 

Chloromycetin Chloromycetm from lot X2783, supplied by the Research 
Laboratories of Parke, Davis and Company, was used at the Army Medical 
Department Research and Graduate School In Detroit lots X2791 and X2968 
were employed, but smce the therapeutic effect of the antibiotic was essentially 
the same for both, the data from the two lots have been combmed m this presen- 
tation 

Sulfadiazine Each experiment made m Detroit mcluded groups of mice that 
were moculated with Vibno comma and treated with sulfadiazme The animals 
were given this drug at the same time and m the same manner as chloromycetm 
was admmistered to the test mice 

Mice Each laboratory used its own stram of mbred Swiss mice Those m 
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Waslungton weighed 15 to 17 g, whereas those m Detroit weighed 11 to 13 g 
Id Washmgtou au equal Dumber of males aud females were assigned to each 
group 

Vtbno comma Cultures of the luaba and Ogawa strains on veal infusion 
broth were used to mduce the experimental disease in mice These were grown 
for 5 hours m the Detroit teats, and for 16 hours m those done m Washington 
Although the dosage of the vibrios varied in the different experiments m the two 
laboratories, m each instance 0 5 ml of moculum suspended m 5 per cent hog 
gastric mucm suspension was mjected mtrapentoneally 


Results 

The results of four tests performed at the Army Medical Department Research 
and Graduate School m which mice were mjected with vibrios and treated by 
various methods are summarized m table 1 The course of the mduced disease 



was extremely rapid, and all deaths occurred withm 24 hours after moculation 
In experiment 1, chloromycetm was given only m the drmking water, and no 
difference was observed between the death ratios of the treated and the control 
mice It was noted, however, that the mice refused to dnnk for several hours 
foUowmg the mtrapentoneal mjection of the vibnos Furthermore, because o 
its bitter taste even normal mice are often reticent about drinking water con- 
tammg chloromycetm when it is first offered Accordingly, to ensure adequa e 
dosage, the chloromycetm was given by mtrapentoneal or subcutaneous injectio 
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in the succeeding experiments When the drug was admimstered by either of 
these routes, the results obtamed were quite dramatic There were only two 
deaths among 90 mice given chloromycetm at varymg tunes rangmg from 1 hour 
before to 2 hours after moculation with vibrios This may be compared with 
50 deaths among the 60 untreated mice used as controls m the same experiments 
In experiment 4, 9 of the 10 mice died when chloromycetm was withheld until 
6 hours after the mduction of the disease It should be stated, however, that 
2 of the 20 control mice that received the same suspension of orgamsms already 
were dead at the time this group was given the drug 

TABLE 2 


Chloromycetin and sulfadiazine treatment of mice inoculated intrapentoneally with Indba 

strain of Vibrio comma 


E\PT 

mrEcnous 

iNocnLmt 

TREATUENT* 

CBIXiSOllYCETm 

SULFADIAZINE 

NONE 

No organisms 

No 

doses 

Tune 

0 25 mg 

0 Smg 

1 0 mg 

2 0 mg 

30 

mg 

2 S mg 

5 0 mg 

Controls 




2&6 







9/10 


A 


2 

liETn^ 







3/10 





post 


B23 


1/10 


iSi 

1/10 

Kyi 




4 


17/20 


17/20 


10/10 


10/10 

B 


1 

hours 


6/20 

2/20 

4/20 


9/10 

kSI 

10/10 


■B2 


post 


2/20 




5/10 

ii 

4/10 


50,000,000 


2 

6/20 

0/20 

1/20 

1/19 


8/10 

10/10 

10/10 

C 

5,000,000 

1 

hours 

1/20 

0/20 

0/20 

1/20 


0/10 

0/10 

6/10 


500,000 


post 

0/20 

0/20 

0/20 

0/19 


0/10 

1/10 

1/10 


* Directly into stomach through a canula 

t Numerator = number of deaths up to and including seventh day, denominator= num- 
ber of mice in group 


The data from the experiments m Detroit are summarized m table 2 In 
these tests solutions of the drugs were admimstered through a canula directly 
mto the stomach of the mice, and all deaths occurrmg within 7 days were re- 
corded In experiment A, varymg amounts of chloromycetm and sulfadiazme 
were given m two doses at 2 and 6 hours after the mjection of the infectious 
moculum Only 3 of the 120 mice so treated with chloromycetm died, whereas 
22 out of 30 untreated mice and 25 of the 60 mice treated with sulfadiazme suc- 
cumbed The data from experiment B mdicate that a smgle dose of either drug 
4 hours after mjection had httle beneficial effect On the other hand, a smgle 
treatment given 2 hours after mjection of the vibrios had an excellent protective 
effect (experiment C, table 2) Thus, only 3 of the 178 mice died after receivmg 
0 5 to 2 0 mg of chloromycetm, whereas 17 of 30 untreated controls succumbed 
As m experiment A, sulfadiazme had considerable chemotherapeutic activity but 
less than chloromycetm The present results with sulfadiazme are m general 
agreement with those reported by Griffitts (1942) 
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DISCUSSION 

The experiments described above indicate that Chloromycetin is an effective 
agent m the treatment of mice with experimental cholera provided the drug is 
given in adequate dosage withm 2 hours after moculation of the vibrios In at- 
temptmg to relate these findmgs to human cholera, it must be remembered that 
it IS not possible to reproduce the human disease m laboratory ammak The 
intraperitoneal mjection of large doses of Vibrio comma mto mice causes a rapidly 
developmg septicemia and peritonitis, but the vomitmg, diarrhea, and extreme 
dehydration characteristic of cholera m man is lacking No chemotherapeutic 
drug could be expected to be effective m this disease in man once marked de- 
hydration had occurred unless it was augmented by measures designed to restore 
water, salt, and protem balance In the experunents made m Detroit chloro 
mycetm was effective when given directly mto the stomach of the mice How- 
ever, the vomitmg m human cholera might well exclude the admmistration of 
drug per os, and it probably would be necessary to give it parenterally Because 
of the extremely rapid development of this disease m man, chloromycetm treat- 
ment would have to be instituted early Indeed, it is possible that if this drug 
pioves to be of any value in the human disease its prmcipal use may be as a 
prophylactic agent m the face of an epidemic Should an outbreak of cholera 
occur, the findmgs reported here warrant the admmistration of chloromycetm to 
exposed contacts m an effort to appraise its value as a prophylactic agent 

CONCnUSIONS 

Chloromycetm is an effective antibiotic for the treatment of mice expen 
mentally inoculated with Vibno comma when given m adequate doses between 
1 hour before and 2 hours after the mjection of the organisms 

The possible usefulness of the drug as a chemoprophylactic agent among human 
contacts of cholera is suggested 
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Hydrostatic pressures of 5,000 atmospheres or more at ordmary temperatures 
of 20 to 30 C are known to kiU bacteria and their spores, as well as to mactivate 
viruses and to denature proteins and enzymes (cf reviews by Macheboeuf and 
Basset, 1934, Cattell, 1936, Bndgman, 1946) On the other hand, pressures of 
a lower order of magmtude, around 500 atmospheres, have been shown to have 
an opposite effect, viz , they retard the killmg of bacteria at temperatures above 
their optimum for growth (Johnson and Lewm, 1946a,b) and reverse or retard 
the thermal mactivation of enzymes as well as the denaturation of protems 
(Johnson, 1947, Johnson and Eyrmg, 1948, Eyrmg, Johnson, and Gensler, 1946, 
Johnson, Baylor, and Fraser, 1948, Johnson, Kauzmann, and Gensler, 1948) 
The present study concerns the previously unreported influence of these lesser 
pressures on the disinfection of spores by heat 

METHODS 

Nutrient glucose, 0 5 per cent NaCl agar slants were moculated with a single 
stram of Baallus subiths (from the Umted States Bureau of Standards) and 
incubated at 37 C for 3 to 4 weeks The spores were suspended m a 0 5 per cent 
NaCl solution and buffered at pH 7 0 by 075 per cent KjHPOi plus 0 25 per 
cent KHaPOi They were centrifuged, washed three times, and finally emulsi- 
fied in sterile solution of the same composition, resultmg m a suspension of 
mdividual spores, practically devoid of vegetative cells, which mamtamed um- 
form viabihty of about 8 X 10^ per mi for several weeks when stored in the 
refngerator 

Specimens for exposure to heat were made by dilutmg the stock suspension 
1 1,000, givmg about 80,000 spores per ml In some experiments this dilution 
was made with distilled water instead of buffered salt solution, with the result 
that the medium, though not actually salt-free, contamed only 1 part of potas- 
sium phosphate per 100,000 of solution and 1 part of NaCl per 200,000 of solu- 
tion The diluted stock suspension was introduced aseptically mto a series of 
small stenle glass tubes, as illustrated m figure IB The tubes were closed ivith 

1 Aided by grants from the American Cancer Society through the Committee on Growth 
and from the American Petroleum Institute Research Project 43A 

= Visitmg Lecturer and Rockefeller Foundation Fellow, Princeton University Per- 
manent address Senpps Institution of Oceanography, University of California, La Jolla, 
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’ The authors are pleased to acknowledge the assistance of Jean S ZoBell with the 
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stenie rubber stoppers and placed m water-filled brass “bombs” (figure 1C) 
winch co^d be connected with a source of pressure from a hydraulic pump 
(h^re ID) or to a dummy connection (figure IE) By means of a manifold 
TOth 8 outlet Imes, pressure from the pump was simultaneously apphed to 8 
bombs These bombs, along with 8 at normal pressure, were then mtroduced 
into a glycol bath mamtained at the desmed temperature, ±0 03 C Calibration 
of the rate of heatmg showed that temperature equihbration at 92 5 C was ob- 
tained withm 70 seconds Coolmg was somewhat faster, when at specified 





Figure 1 Diagram of apparatus used for disiafeotion of spores at normal and increased 
hydrostatic pressure 

A and B, two types of small glass tubes, inches in outer diameter by 2| inches long, 
capacity about 0 5 ml, for exposing specimens to heat in a brass “bomb” (C), -A- inches in 
outer diameter and i inch inner diameter The bomb itself (J) was first filled with water, 
the tube introduced, and then connected by hex nut (2) to outlet (3) of the oil line (4) from 
a hydraulic pump A small circle of sheet rubber (S) prevented the mixing of oil from the 
pump with the water surrounding the specimen tube in the bomb Similar bombs (1) were 
used for specimens heated at normal pressure, but instead of the connection D (parts 3 
and 4), a “dummy” coimection (E) was attached The base (6) of this connection had an 
air space, allowing the water in the bomb to expand when heated without generating a 
high pressure The solid connecting rod (7) made a convenient handle With assembly 
(C) pressure was applied before heating and released after cooling Heating was ac 
complished by placing both types of bombs in a constant temperature glycol bath for tne 
desired interval of time 


intervals a pair of bombs, at mcreased and normal pressure, respectively, were 
removed and placed m cold water 

Dilutions for plate counts were made m the buffered NaCl solution referred 
to above After platmg m the usual manner, in glucose nutrient agar contaming 
0 5 per cent NaCl at 45 C, the agar was allow'ed to harden, and a second layer, 
about 2 mm deep, of the same medium was added to prevent spreading of the 
colomes This procedure resulted m veiy consistent, and generally higher, 
counts from a given specimen 


RESULTS 

Durmg short penods of compression there was no appreciable change m n^- 
ber of viable spores m the completely liquid medium whether pressure was apphe 



1949] 


THERJIAL DISINFECTION OP B STTBTILIS SPORES 


355 


at once or in steps, or was released gradually or suddenly (table 1) These 
results would be anticipated on the basis of general considerations Over long 

TABLE 1 

Influence of short •periods of compression and influence of rapidity of decompression 
on viability of spores of B subtilis subjected to 600 atmospheres (fiydrostatic) 

at SBC 


FAESST72E 

FESIOD OF C01£PS£SSION 

j FLATE COUNT WHI 

Slowly 

:N DECOitPRESSED 

Rapidly 

1 atm (control) 

0 (imtial) 

(53,500) 

(53,500) 

200 atmospheres 

1 minute 

55,000 

53,000 

600 atmospheres 

1 minute 

49,000 

53,000 

600 atmospheres 

30 minutes 

53,000 

57,000 

600 atmospheres 

3 hours 

50,000 

45,000 

600 atmospheres 

3 minutes 3 times 

51,000 

53,000 

600 atmospheres 

3 minutes 10 times 

52,000 

49,000 


About 30 seconds were required to apply pressure, which could then be released rapidly 
(in less than 1 second) or slowly (over a period of about 60 seconds) The plate counts 
agree within the limits of experimental error 


TABLE 2 


Data from two typical experiments on the disinfection of B subtilis spores at 85 C and 93 8 C, 
and at 1 and 600 atmospheres of hydrostatic pressure 


EXPT 

FEEIOD OF TIUE 

CONTBOL AT 25 C 
AND ONE ATLS 

CONTBOL AT 25 C 
AND 600 AIU 

HEATED TO 93 6 C 
AT ONE ATH 

heated to 93 6 c 
AT 600 atu 


0 (initial) 

7 minutes 

81,000 

80,000 

76,000 

53,700 



15 minutes 

83,000 

70,100 

1,600 



30 minutes 

81,000 

64,500 

20 


A 

45 minutes 

79,000 

61,000 

<10 

280 


60 minutes 

82,000 

52,500 

<10 

55 


4 hours 

74,000 

17,500 

<10 

<10 


24 hours 

32,500 

560 

0 

0 


48 hours 

19,500 

62 

0 

0 


0 (initial) 

15 minutes 

69.000 

68.000 

64,000 

7,000 

39,000 

B 

30 minutes 



600 

9,000 


45 minutes 

67,000 


10 

700 


60 minutes 

71,000 

31,000 

0 

48 


90 minutes 

73,000 

20,000 

0 

<10 


Stock spore suspensions in buffered NaCl solution were diluted 1 1,000 with distilled 
water for these experiments 


periods of tune at 25 C there is a slow loss of viability, amounting to about a 
75 per cent decrease m 48 hours at normal pressure When compressed to 600 
atmospheres, however this decrease is accelerated, especially toward the latter 
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part of the expemnent, ^Tith the result that less than 10 per cent of the .nnre, 
remam ™ble rfter 48 hour, (table 2A) Tta acoeleraC Ctoi; E 
p ace through the same mechanism that leads to disinfection of spores under 
much higier pressures withm shorter penods of time (as m the experiments of 
Larson, HartzeH, and Diehl, 1918, and others) 

At 93 6 C, the rate of loss of viabihty is, as expected, enormously faster, but 
the influence of pressure is m the opposite direction to that at 25 C, viz , pressure 



TIME HEATEDCIN MINUTES) 

Figure 2 Rate of disinfection of B subltlis spores m 0 5 per cent NaCI buffered at pH 
7 0 by 1 0 per cent phosphate, and in a 1 1,000 distilled water dilution of this solution 
(labeled “Distdled Water") at 92 5C,andathydrostaticpressuresofl and 600 atmospheres, 
respectively Pomts on the curves for buffered NaCl solutions are the average of three 
repeated experiments , others are from one experiment 


retards the rate of kilhng At both temperatures the influence of pressure on 
the rate of kilhng is analogous to its influence on protem denaturation, accelerat- 
mg at low temperatures but retardmg at high The fact that the effect is m 
opposite duections at the different temperatures, however, shows that the 
mechanism of the Imutmg reaction is not the same m the two cases 
The action of hydrostatic pressure m denaturmg proteins and killmg bacteria 
and spores, possibly through a similar mechamsm, has not been clearly elucidated, 
but it has been suggested that it mvolves a drastic crushmg of the solvent, with 
concomitant loss m stabihty of the highly ordered, native protein molecule 
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(Eyimg, in paper by Johnson, Bayloi, and Fraser, 1948) The opposal of de- 
naturation by pressure at high temperatures, however, clearly depends on the 
volume change of activation (Glasstone, Laidler, and Eynng, 1941 , Steam and 
Eyimg, 1941) m the limitmg reaction In the protem denaturations studied 
thus far, the volume change is geneially positive and large, amountmg to an 
increase of 50 to 100 ml per mol m gomg from the normal to the activated state, 
as shown by the quantitative relation between the amount of pressure and its 
mfluence on the obseived rate Smce protem denaturation is most likely an 
important factor in disinfection by heat, it is rather to be expected that a moder- 
ate hydrostatic pressure of 600 atmospheres should retard the rate of thermal 
disinfection 

The kmetics of bacterial disinfection, under the mfluence of heat and of chemi- 
cal agents, has been the subject of extensive investigation and discussion (cf , 
e g , Rahn, 1943, 1945) In some cases the rate of decrease in the number of 
viable cells confoims to the kmetics of a first order reaction, as if the alteration 
of a smgle critical molecule (gene?) per cell were sufficient to kill that cell In 
our experiments, however, the rate of disinfection either m buffered salt solution 
or distilled water bore no resemblance to a first order chemical reaction The 
average plate coimts of three repeated experiments with the same stock sus- 
pension of spores is illustrated m figure 2, which shows that the number of viable 
spores decreases slowly at first, then quite rapidly The mitial “lag” is much 
longer than the time requued for temperature equihbration, and was repeatedly 
observed In distilled water the rate is faster than m buffered salt solution, but 
the general shape of the curve is the same The retardmg effects of pressure on 
disinfection are most apparent durmg the mitial, slow rate and seemmgly less 
durmg the subsequent fast rate These facts are susceptible of a number of 
reasonable mterpretations, but until conclusive evidence is available it would 
scarcely be profitable to hst or discuss them The pomt of particular mterest is 
that although pressure accelerates the kiUmg of spores at ordmary temperatures, 
it retards their kilhng at high temperatures, both cases parallelmg the mfluence 
of pressure on protem denaturation 

SUMMARY 

Spores of Bacillus subitlis, suspended m buffered salt solution, pH 7 0, slowly 
lose their viabihty at 25 C, and this decrease m viabihty is accelerated by a hydro- 
static pressure of 600 atmospheres Durmg short periods of compression, the 
rapidity of decompression or repeated subjection to pressure has no appreciable 
mfluence on viabihty 

At 92 5 C or 93 6 C, correspoudmg suspensions rapidly lose their viability, but 
this loss IS retarded by a hydrostatic pressure of 600 atmospheres The rate of 
decrease m the number of viable spores does not conform to the kmetics of a 
first order reaction but exhibits a pronounced lag In greatly diluted salt solu- 
tion, disinfection at these temperatures is much faster and the lag less pro- 
nounced, but pressure retards the rate and the shape of the curves is generally 
similar 
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Received for publication December 20, 1948 

Kmetic evidence has shown that urethan catalyzes a reversible or irreveisible 
denaturation'* of ceitain enzymes and protems, viz , the hght-emitting system of 
lummous bacteria (Johnson, Eyrmg, Steblay, Chaphn, Huber, and Gherardi, 
1915), crude yeast mvertase (Johnson, Kauzmann, and Gensler, 1948), T-5 bac- 
teriophage (Foster and Johnson, unpublished), and purified tobacco mosaic 
virus (Fraser, Johnson, and Balcer, unpublished), through reactions that may be 
reversed or retarded by hydrostatic pressures of 600 atmospheres and less The 
mfluence of pressure on the equilibrium or on the rate of these reactions show s 
that they proceed with a large molecular volume mcrease of reaction or of activa- 
tion, respectively Moreover, smee the xeactions are readily observed, as a rule, 
only at mcreased temperatures, they evidently mvolve also large heats of reaction 
or of activation, the actual increase in temperature required depending upon the 
specific system concerned and certam other factors such as pH In at least one 
case, contrastmg with the above, urethan denatures a protem, methemoglobin 
(Schlegel and Johnson, 1949), at room temperature through reactions that ex- 
hibit no net effect of pressure 

The present study was undertaken to determme how urethan would influence 
the disinfection of bacterial spores at both normal and mcreased hydrostatic 
pressure The methods employed have been adequately described m a previous 
report (Johnson and ZoBell, 1949) and need not be enlarged upon except to state 
that, m makmg plate counts, the specimens contammg urethan were diluted to 
such an extent that the concentration of the drug mtroduced mto the medium 
was always too low, as shown by control experiments, to mfluence the number of 
colonies that developed The same stram of Bacillus suhtihs was used m this 
as m the previous study 


RESULTS 

At 25 C, correspondmg portions of a suspension of B subltlis spores m phos- 
phate-buffered NaCl solution, containing 69 to 77 X 10^ viable spores per ml 

1 Aided by grants from the American Cancer Society through the Committee on Growth, 
and from the American Petroleum Institute Research Project 43A 

* Visiting Lecturer and Rockefeller Fellow, Prmceton University Permanent address 
Scripps Institution of Oceanography of the University of California, La JoUa 

’ The authors are pleased to acknowledge their indebtedness to Jean S ZoBell for her 
assistance in conductmg the experiments 

* Though widely used, the expression “protem denaturation” is variously defined In 
all cases, however, the reactions leadmg to denaturation result m the loss of a characteristic 
property of the native protem and mvolve large entropy changes and, generally, high heats 
of reaction or activation It is m this sense that we employ the term 
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at the start and urethan concentrations ranging from 0 01 to 2 0 ii evidenced 
no appreciable change m viabihty over a period of 60 mmutes In repeated 
experiments the counts all agreed withm 10 per cent of the control At 93 6 C, 
however, concentrations of 0 1 m urethan or lugher caused a perceptibly greater 


TABLE 1 

Influence of hydrostatic pressure on the viability of Bacillus subhits spores in phosphate 
buffered N aCl solution containing different concentration^ of urethan 


CONCEVTRATIOV 

CONlaOL AT 25 c 

93 6 C POX 30 iONUTSS 

93 6 c POE 

60in»DTES 

OF USZXHA^^ 

AND 1 AT^ 





i atm 

600 atm 

1 ato 

oOO atm 

None 

69,000 

21,000 

59,000 


20,000 

0 01 11 

71,000 

21,000 

48,000 


19,000 

0 03 u 

70,000 

20,000 

44,000 

140 

19,000 

0 10 u 

68,000 

21,000 

41,000 

20 

13,000 

0 33 M 

70,000 

15,000 

36,000 

0 

12,000 

1 00 m 

68,000 

4,100 

26,000 

0 

7,400 


TABLE 2 


Plate counts of Bacillus subtilis spores in phosphate-buffered NaCl solution with and without 
urethan, after being heated at 93 6 0 for different periods of time and at different 

hydrostatic pressures 


EXPT 

XTEETaAN 

TDIE 

1 AIU 

100 Ain 

200 AIU 

400 AIU 

600 AIU 


None 

0 (initial) 

73,000 






None 

30 nunutes 

28,000 

33,000 

37,000 

46,000 

53,000 


None 

60 minutes 

500 

800 

7,300 

17,000 

21,000 

A 

None 

90 minutes 

<10 

30 

120 

1,700 

3,900 

1 

1 0 M 

0 (imtial) 

76,000 




49,000 


1 On 1 

30 mmutes 

5,800 

8,700 

17,500 

32,000 


1 0 ir 

60 nunutes 

<10 


70 

2,100 

5,300 


10m 

90 mmutes 

[ <10 


<10 j 

<10 

150 


None 

0 (initial) 

64,000 

1 





None 

30 minutes 

31,000 

39,000 

45,000 

53,000 

1 


None 

60 minutes 

770 

940 

6,100 

8,000 


B 

None 

90 minutes 

10 

40 

110 

1,400 



1 On 

0 (mitial) 

63,000 






10m 

30 minutes 

4,800 

9,000 

15,000 

33,000 



1 0 M 

60 minutes 

<10 

<10 

<180 

3,200 



10m 

90 minutes 

<10 

<10 

<10 

SO 



decrease m viabihty withm the same period of time, and this effect was opposed 
by a hydrostatic pressure of 600 atmospheres (table 1) 

With a given concentration that caused a pronounced effect, e g , 1 0 ii 
the “protective” action of pressure mcreased with rise m pressure ^ ° 

600 atmospheres The data from two typical experiments are recorded in taWe- 

The rate of decrease m number of viable spores at 93 6 C, under both norm 















1949] ACCBIiBRATION AND RETARDATION OP SPORE DISINFECTION 361 

and 600 atmospheres pressure, and with 0 0, 0 5, and 2 0 m urethan, respectively, 
IS mdicated m figure 1 In all cases there is an initial lag, or period of relatively 
slow disinfection, that lasts much longer than the approximately 70 seconds re- 
quired for temperature equilibration when the specimens are mtroduced mto the 
constant temperature glycol bath at 93 6 ± 0 03 C The rate of dismfection 
mcreases progressively with time For this reason, together with the fact that 
the theoretical relationship between the number of mdividual spores dymg per 



Figure 1 Influence of urethan and hydrostatic pressure on the rate of disinfection of 
Bacillus sublilts spores in phosphate buffered NaCI solution at 93 6 C 

unit of time and the rates of the chemical reactions that brmg about death re- 
mains obscure, any quantitative estimate of the net volume change mvolved m 
such reactions would have no clear meanmg On the other hand, from the fact 
that a pressure of only 600 atmospheres causes such a pronounced retardation 
m the disinfection process, it is apparent that some hmitmg reaction or reactions 
take place with a large volume mcrease, quite possibly of the order of 100 ml 
per mol, as m the protem denaturations referred to above, which can be analyzed 
with some assurance Furthermore, it is apparent that urethan, m effect. Ion ers 
the temperature for dismfection, as it does m catalyzmg the denaturation of 
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proteins Finally, pressure retards the process, with as well as without urethan, 
again resembling the phenomena observed with this drug in connection ivith 
better-defined systems at mcreased temperatures 
The data presented herewith serve to emphasize the fundamental relationship 
between temperature and the effects of hydrostatic pressure In addition to 
specific metabolic and other reactions studied earliei, the viability of spores may 
be favorably influenced by moderately mcreased hydrostatic pressures, which 
help to counteract the destructive effects not only of high temperatures but of 
some chemical agents that promote such effects Thus, in natural environ- 
ments characterized by both high temperatures and high pressures, e g , some 
of the deep oil well brmes, it is reasonable to expect an indigenous flora of baro 
philic thermophiles (ZoBell and Johnson, 1949), whose existence and activities 
are to a significant extent made possible through the effects of pressure 

SUMMARY 

At 25 C, concentrations of urethan up to 2 m have no effect on the viabihty 
of Bacillus subtilis spores m phosphate-buffered NaCl solution, over short 
periods of observation Dismfection of these spores at 93 6 C, however, is 
appreciably accelerated by 0 1 m urethan, and greatly accelerated by concen- 
trations of 0 5 to 2 0 M The rate of disinfection with as well as without urethan 
IS retarded by hydrostatic pressure, the amount of the retardation mcreasmg with 
pressure from 100 to 600 atmospheres 
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“During the past fifty years, many investigators have studied the bactericidal 
activity of ultraviolet light but a review of their reports shows that little has 
been learned about manj'- essential factors in the reaction” (Gates, 1929) Since 
that paper was written several different mechanisms have been proposed to 
account for the bactericidal action of radiation Among these are (1) lethal 
mutations (Lea and Haines, 1940, Lea, 1946), (2) mactivation of enzymes (Dale, 
1940, 1942), (3) production of poisons by decomposition of cellular material, and 
(4) mdirect effects of the medium (Coblentz, 1924) All of these mechanisms 
are reasonable and have been demonstrated under special conditions The 
problem yet to be solved in the study of the action of ultraviolet light on bacteria 
IS to determme the relative importance of these processes and to gam further 
insight mto the details of the mechanisms 
One or another process may predominate depending on the experimental con- 
ditions Lea describes methods foi distmguishmg between direct effects on the 
orgamsm and mdirect effects of the medium In the case of bacteria the direct 
effect is the primary one as shown by experiments m which the concentration 
of the bacteria is varied Although Lea mentions the possibility of cell poisons 
and enzyme mactivation, he stresses the mechamsm of lethal mutation 
However, the work of Witkm (1947) on radiation-resistant strams of E coli 
and that of Demerec and Latarjet (1947) on radiation-mduced mutations mdi- 
cate that whereas lethal mutation may account for some of the bactericidal ac- 
tion, other mechamsms must also be mvolved The evidence for this is as fol- 
lows (1) The resistant strain, B/r, shows a multiple-hit survival curve (2) At 
a given dosage, the mduced mutation rates to a particular bacteriophage-re- 
sistant variant are the same for strams B and B/r, but the bactericidal effects 
are greatly different (3) The age of the culture has a slight effect on mutation 
rates but a large effect on the survival 

In the present mvestigation it was found that the survival of bacteria was 
greatly influenced by the treatment after irradiation Under certam conditions 
the bacteria recovered from the effects of radiation, and it appeared that a study 
of the conditions for recoverj’^ might yield information on the nature of radiation 
damage The flndmgs also give more reliable techmques for radiation experi- 
ments, and reveal new differences between X-ray and ultraviolet effects and be- 
tween resistant and nonresistant strams of bacteria Fmally, smce bactericidal 
action IS closely associated with the inhibition of division, this work may lead 
to new knowledge of the mechanism of division 
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MATERIAL AND METHODS 

Stiam B and strain B/r of Bschenchta coh obtamed from Dr Witkin were 
used throughout these experiments The bactena for each experiment were 
grown m hquid media with aeration Difco nutnent broth and M-9 synthetic 
media were used unless otherwise stated M-9 is a synthetic medium developed 
by Anderson (1946) that is particularly useful as it is transparent to ultraviolet 
m the spectral region used It consists of ammomum chlonde, phosphate buffer, 
and magnesium sulfate (solution A) and glucose (solution B) M-9A is used 
to indicate the salt solution only, but M-9 mdicates the complete medium As 
says were made by dilutmg m M-9A, addmg 0 1 ml of the final dilution to 2 5 ml 
of 0 7 per cent agar (kept hqmd at 45 C), and pourmg on a plate of 1 5 per cent 
agar Difco nutrient broth and medium M-9 were used for the plates, and, unless 
otherwise noted, gentian violet (4 X 10~® g per ml) was added to the agar to 
reduce the number of contammants Broth plates were mcubated overnight 
and M-9 plates for 36 hours at 37 C 

As a general procedure the bactena were centrifuged down from the medium 
m which they were grown, rmsed, and resuspended m M-9A This suspension 
was diluted to give an estimated 10® bacteria p^ ml, a portion was kept as con- 
trol, and 10-ml samples were used for irradiation These were irradiated m petn 
dishes followmg the technique of Demerec and Latarjet, usmg a General Electnc 
genmcidal lamp at a distance of 92 cm The radiation is effectively mono- 
chromatic at a wavelength of 2,537 A In a few of the experiments the bactena 
were diluted and spread on the surface of agar plates for irradiation 

EXPERIMENTAL RESULTS 

In conductmg any radiation experiments the following factors should be con 
sidered as parameters and carefully controlled (a) organism, (b) conditions of 
grovrth (mecha, temperature, aeration), (c) phase of growdh cycle, (d) conditions 
durmg radiation (media, temperature, surface or liquid), (e) radiation (wave- 
length, time, mtensity), (f) conditions after irradiation (media, temperature, 
tune before platmg) , and (g) conditions for growth of colonies (media, temper- 
ature, time) 

Most of the factors mvestigated had an important effect on the survival 
Also, it became apparent that no factor could be considered unimportant even 
though it had no obvious effect m one particular experiment Some of the factors 
which were unportant under certam conditions had no effect m others The 
rather large vanations m results produced by apparently minor differences m 
techmque may account for some of the discrepancies among different expen- 
ments that appear m the hterature 

The conditions for growth of colomes and conditions after irradiation were tne 
factors most mtensively mvestigated, the others bemg treated as parameters 
It was found that under most conditions the survival was greater “ W j 
colomes were grown on plates made with medium M-9 rather than broth, im 
(b) foUowmg uradiation the bactena were left m a hquid medium for a recov j' 
penod” before bemg plated 
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Effect of condttions during tncubahon of colonies The first indication of in- 
creased survival on M-9 plates came from some observations on “snake” forma- 
tion It IS well Icnoivn that ultraviolet radiation causes a failure of the division 
mechanism and that long filaments or snakes are formed by continuation of 
growth without cell division It was noticed that this snake formation is most 
piomment on the surface of broth agar plates, liquid broth giving shorter forms 
In synthetic medium (M-9) snake formation was greatly reduced, even though 
growth measured turbidimetrically was proceedmg at a normal rate Smce 
growth without snake formation implies normal division and possibly normal 
colony formation, comparative survival curves were taken usmg broth and M-9 
plates The increased survival on the M-9 plates is apparent m figure 1 

Two pomts concernmg the procedure should be stressed (1) The only differ- 
ence between the two curves is m the platmg medium and incubation tune, i e , 
samples for broth plates and M-9 plates were taken from the same final dilution 
tube (2) The bacteria were kept chilled (5 C) durmg irradiation and dilution 
up to the tune of plating The importance of this pomt will be apparent later 
The difference m the platmg medium had little or no effect on the controls yet 
the survival curves differ m slope and shape 

A marked difference m survival after urradiation between plating on broth 
and synthetic plates having thus been established, exploratory experiments were 
conducted to determme what factors were responsible 

(1) Temperature One possibility was that the more rapid growth on the 
broth plate was mjurious Also, it ^as learned fropi Dr Kelner (1948) that the 
temperature of incubation was important m the survival of actmomycetes after 
irradiation Consequently some broth plates were mcubated at 27 C, and others 
were kept 12 to 24 hours at 15 C before mcubation at 37 C However, these 
plates did not show any mcreased survival 

(2) Composition of plates It was found that the addition of 1 per cent broth 
to the M-9 medium of the places was sufficient to give a marked decrease m the 
survival This result is consistent with an earher observation that 1 per cent 
broth would give a noticeable mcrease m snake formation m synthetic media 
after irradiation It thus appears that the presence of some component of the 
broth rather than the increased rate of growth m the broth medium is responsible 
for the failure to survive 

(3) Solidity of plates In one experiment a set of broth plates were used for 
the assay of suiwivors m which only the percentage of agar was varied The 
count obtained doubled as the amount of agar dropped from 1 5 per cent to 
0 3 per cent This effect is consistent mth the results obtamed for recovery m 
liquid media (see below) 

(4) Enzymatic constitution of bacteria The actual enzymatic constitution of 
the bacteria depends markedly on the conditions durmg growth In particular 
the enzyme systems of growmg bacteria and restmg bacteria are quite different, 
as are the enzymes of bacteria grown m broth, broth plus glucose, and s 3 Tithetic 
media (Gale, 1947) Corresponding to these changes m the amounts of the 
various enzymes present, laige differences m sensitivity to radiation aie found 
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Resting bacteria grown in broth (final pH 8) are much less sensitive than bacteria 
grown m broth plus glucose (final pH 5 5), or bacteria grooving m broth (pH 7) 


FIG t-- 24 HOUR CULTURE OF B IN BROTH 


FIG 2^2 HOUR CULTURE OF B 


IN BROTH 


Figure 2 


However, under these different conditions theie is always a marked increase in 
survival ivhen M-9 plates are used mstead of broth plates (figures 1, 2, 3) 

On the other hand, the mutation B to B/r probably affects only a few of tlic 
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bacterial enzymes as most of the properties of the resistant mutant are normal 
With B/r, however, no difference m survival is observ’^ed wnth broth and synthetic 



Figure 3 



plates (figure 4) With very high doses of radiation B/r actually shows decreased 
survival on synthetic plates 

Conditions after irradiation It was observed that when bactena were ir- 
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radiated and diluted m M-9A, successive samples taken at mtervals fiom the 
same dilution tube showed a rapid mcrease m the number of orgamsms capable 
of formmg colonies on broth plates This was not due to ordmary groiv th and 
division as (1) there was no energy source available, (2) the count from non- 
irradiated controls remamed constant, and (3) stram B/r does not show this 
effect The bacteria apparently recover from the effects of radiation 
It was found that the recovery did not depend to any extent on the presence 
or absence of any components of the fluid Distilled water, sahne, M-9, M-9A, 
and broth all gave approximately the same results Changes of pH from 5 to 9 
had no significant effect The concentration of bacteria m the recovery tube 
was also without effect m the range 10* per ml to 10® pei ml Further expen 



ments are being conducted to determme the effect of various chemicals on the 
recovery process At present it does not appear that recovery is mfluenced by 
leducmg or oxidizmg agents 

Factors that did affect the recovery curve were (1) rachation dose (figure 5 ), 
and (2) temperature of the recoveiy tube (figure 6) In connection with the 
temperature effect it was found that the irradiated bacteria could be kept for 
1 hour at 5 C, durmg which tune no recoxmry occurred, and that they subse- 
quently showed nomal recoveiy on bemg brought up to 37 C 

In the particulai experiment m which broth was used as a recovery fluid, i 
appeared that the important factor \ras the tune spent m the fluid medium be ore 
transfer to sobd medium However, there were other mmor differences as e 
plates contamed agar and gentian violet m addition to the broth Consequen y, 
further experiments were made to test the mdividual effects of these factor. 
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Comparing recovery curves taken with and without gentian violet m the plates 
we find that there is a small effect The count on the gentian violet plates is 
appiovimately one-half that of the plam plates immediately after irradiation, 
but the difference diminishes as recovery proceeds After 2 hours no difference 
IS found, neither is there any difference m the bacteria that had not been ir- 
radiated Evidently irradiation does sensitize the cells to the action of gentian 
violet, but durmg recoveiy the sensitivity to gentian violet disappears Further- 
more, the mam features of the recovery phenomenon cannot be explamed m 
terms of a gentian violet effect as they remam even nhen gentian violet is 
not used 



Figxire 6 


The effect of the agar was also tested The presence of 0 07 per cent agar m 
the recovery tube had little effect, but variation of agar concentration of the 
plates from 1 5 per cent to 0 3 per cent doubled the count obtamed immediately 
after irradiation The critical concentration for bacterial survival is therefore 
approximately the same as the critical concentration for the change from liquid 
to solid 

Effects on filament formation The conditions which favor recovery are also 
found to reduce filament or snake formation Snake grondh is greater on broth 
agar than m liquid broth, also, it is greater m broth than m synthetic media 
Expel iments uere conducted to observe the effect on snake growth of the 
recovery treatment m hquid In these experiments bacteria were uradiated for 
various mtervals, samples were taken and divided into tno groups One group 
was kept (m M-9A) at 5 C to prevent recovery and the other at 37 C to permit 
recovery After 1 5 hours both were plated on broth plates and obserx^ed 
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microscopically as snake formation proceeded It was characteristic that the 
recovered” bacteria showed snake formation typical of "nonrecovered” bacteria 
that had received roughly one-fourth the exposure to radiation As gauged by 
the appearance of the filaments, three-fourths of the radiation effect was removed 
by the treatment 

Effects of other 'wavelengths Smgle experiments were performed to test whether 
recovery occurred after exposure to X-rays or to the radiation from a sun lamp 
(Westmghouse t5T)e H S) In each case the exposure was chosen to give 2 per 
cent survival (without recovery) After X-ray treatment no recoveiy was ob- 
served, with the sun lamp the recovery was similar to that observed with 2,537 A. 



Figure 7 


DISCUSSION 

“Radiation sickness ” The experiments descnbed above show that recoveiy 
from radiation damage, which has been observed m other organisms, also occurs 
with bactena Perhaps it would be better to descnbe the situation as “radiation 
sickness,” a condition m which bactena will survive or not, dependmg on their 
subsequent treatment For example, the bacteria that survive when plated on 
synthetic plates differ from nomrradiated bactena as 90 per cent of them would 
have died if they had been plated on broth plates— a procedure that is completely 
nontoxic to ordinaiy bactena Also, the “sickness” is demonstrated by snake 
formation, which occurs at low doses from which most of the bactena survive 
HoUaender (1943) has also reported evidence of “radiation sickness” after ex- 
posure to ultraviolet m an experiment m which the radiated bactena were una e 
to withstand prolonged exposure to salme solution 
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Improvement in technique In geneial, irradiated bacteria aie much more 
sensitive to mmor variations m piocedures Figure 1 shows that widely different 
results can be obtamed by usmg different platmg media Figure 5 shows that 
erratic results may be easily obtamed from variations m the time required to 
dilute samples before platmg The count may rise by a factor of two foi each 
5 mmutes in the dilution tube This source of error can be easily ehmmated 
(once it has been recognized) by the use of chilled dilution tubes 
The colony count may vary by a factor of two dependmg on the consistency 
(consequently age) of the plates Also, the use of gentian violet wiU reduce the 
count by a factor of two Bacteria that have not been irradiated aie not sensi- 
tive to any of these factois In radiation experiments it is necessary to re-e\- 



amme even those details of technique that are ordmaiily mconsequential The 
recovery process might also be used to advantage to mcrease the yield of ultra- 
violet-mduced mutants 

Interpretation of the forms of survival curves Figure 7 shows survival curves 
obtamed by platmg after mcreasmg mtervals of the recovery treatment The 
form of the curve shifts from concave to convex, passmg through a straight Ime 
condition It would obviously be madvisable m this case to mterpret the straight 
Ime condition as evidence for “smgle hits” m a homogeneous population 

Some of the survival curves obtamed by platmg on M-9 agar (figure 1, for 
example) show multiple-hit characteristics, others show smgle-hit behavior In 
view of the findmgs with recovery m liquid, it would seem that these may be 
variations in the extent of recovery on the M-9 plates, when recovery is complete 
multiple-hit curves are obtamed The cause of the variation is not knoi\n 
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However, it is certain that the shape of the survival curve depends considerably 
on the exact experunental conditions and any mterpretations based on the shape 
of the survival curves should be made with due caution 
Mechanisms of radtahon damage {uUramolet) The evidence against the hypo 
thesis that lethal mutations account for the bactericidal action of ultraviolet 
hght has already been cited The mechanism of mdirect action has received 
renewed attention m the experiments of Wyss et al (1948) Their experiments 
give further evidence that the mam effect is direct , the doses of radiation required 
for appreciable action through the medium are much higher than those used here 
This leaves for consideration (a) the mactivation of enzymes, (b) the production 
of cell poisons, and (c) other mechanisms 
It must be remembered that the mechanism of killmg by small doses of the 
ultraviolet radiation is a subtle one The (processes leadmg to growth seem un 
affected, as can be shown by turbidity measurements or microscopic observation 
Virus growth is still possible (Anderson, 1948) Also, the phosphorus uptake 
and its distribution among the various fractions seem normal (Abelson and 
Roberts, 1948) The division mechanism, however, is impaired, and growth 
without division leads to the formation of snakes (Hmshelwood, 1946, Nickerson, 
1948) If the balance between growth and division is not too severely disturbed, 
the snake eventually breaks up into normal viable cells At higher doses the 
division mechamsm does not come back into balance and the result is lethal 
For still higher doses, growth is also affected and snakes are not formed 
It has been shoivn above that irradiated bacteria behave quite differently 
when plated on synthetic agar than when plated on broth agar In the former 
case the snake formation is greatly reduced and the probabihty of survival is 
considerably higher As the bacteria in both cases are damaged to the same 
extent when plated, either the recovery is more rapid on the synthetic plates or 
the effect of the damage is reduced The experiments on recovery m liquids 
show that there is httle difference between broth and synthetic media as recovery 
fluids, so it appears that the damage is less disturbing in synthetic media 
This might be the case if there are different rate-hmitmg factors in the two 
media In broth the rates of growth and division are probably limited by enzyme 
systems mvolved in synthesis of new protoplasm No additions to the media 
will increase the rates In the synthetic media the rates of growth and division 
are liimted by the supply of intermediate metabolic products as the rates can 
be increased by additions to the media Thus m synthetic media damage to 
the enzyme system ivould have less effect because the supply of substiate rather 
than the enzyme is the rate-determming factor This hypothesis then leads to a 
conclusion consistent uith the observations In synthetic medium the balance 
between growdh and division is less disturbed, consequently, snake foimation 
will be reduced and the bacteria have a higher probability of survivmg 

The slower growth on the synthetic plates also allows more time for recover)' 
processes However, this is not the principal factor involved, as broth plates 
incubated at lower temperatures to give slower growth did not show ingie 
survival Tne reco\ ery process should be effective at the low er tempera urco, 
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as it was found to be independent of temperature in the range of 26 to 37 C It 
would appeal that the iriadiated bacteria are able to survive and form colonies 
on synthetic plates m spite of the radiation damage This seems quahtatively 
different from the recovery piocess m liquids m which the effects of the damage 
seem to he removed 

Damage to the division mechanism could be caused by (a) photochemical 
mactivation of some of the enzymes mvolved m division or (b) photochemical 
production of a poison that inhibits the enzyme system The evidence of the 
earher work favors the poison hypothesis to a certain extent (Witkin, 1947) 
The phenomena of recovery add more evidence m its favor although it is not 
possible to mle out alternative theories The foUowmg characteristics of the 
recovery process should be considered (1) recovery is not accelerated by external 
sources of nitrogen or energy, (2) recovery depends on temperature m a way 
that suggests an enzymatic reaction, (3) recovery is not mfluenced appreciably 
by the pH of the medium m the range 5 to 9, (4) recovery proceeds m liquids 
but IS stopped or at least retarded on sohd media, (5) no recovery is observed 
with stram B/r, and (6) no recovery is observed with stram B mactivated with 
X-rays 

In terms of the enzyme mactivation hypothesis, recovery must consist of the 
repair or resynthesis of damaged molecules essential to the organism In this 
case, the reaction might be expected to depend on external energy sources m a 
fashion similar to the process of adaptive enzyme formation Also, it is difficult 
to understand the effect of the solid medium m preventmg recovery 

In terms of the poison h 3 q)othesis, recovery consists m the removal of the 
poison The effect of the sohd media indicates that diffusion may be important 
m the mechanism, although more than simple physical diffusion is mvolved be- 
cause of the long time required and the temperature dependence It is sug- 
gestive that stram B/r, which is not sensitive to this particular form of damage, 
IS also apt to be resistant to penicilhn and sulf athiazole If the poison hypothesis 
IS correct, we are deahng with an extremely toxic agent as one molecule per 
bacterium is effective Perhaps such a poison could be produced by a minor 
photochemical modification of a normal metabohte 

The recovery curves can be calculated on the basis of simple assumptions 

(1) the radiation produces a number of “hits” (poison molecules) m the bacteria, 

(2) these “hits” have a Poisson distribution, (3) the “hits” decay mdependently 
with a decay constant K, and (4) the bacteria will survive if no “hits” are present 
at the time of platmg Recovery should then proceed accordmg to the equation 

R = e-"' 

m which R is the fraction survivmg, n is the average number of hits per bac- 
terium, and t IS time Also, n is calculated from the survival at i = 0, and K 
IS adjusted to fit with the experimental pomts after recovery Thus one curve 
can be adjusted to fit the experimental pomts at two places, but the remamder 
of the curve is deteimmed The curves for other doses are completely specified, 
and no further adjustment is possible 

Figures 5 and 8 show a comparison of these curves with the experimental re- 
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suits As this calculation does not take into account the presence of resistant 
organisms or the killmg by other mechanisms, the agreement is more remarkable 
than the discrepancies 

Other mechanisms of radiation damage Since there is no recovery with strain 
B/r, ue must assume that other quahtatively different mechanisms are involved 
m this case This confirms the mdications obtamed from the forms of the 
survival curves (Witkm, 1947) Also, the bactericidal action of X-rays on 
stram B is quahtatively different from ultraviolet action as there is no recoierj' 
from X-rays 
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SUMMARY 

Escherichia colt, stram B, after ultraviolet irradiation, may survive to develop 
colonies or not, dependmg on certam mmor changes m their subsequent treat- 
ment Changes m survival level by as much as a factor of 100 have been ob 
served Transitions from “smgle-hit” to “multiple-hit" survival curves are also 
found This effect should be recognized and controlled if errors m radiation 
experiments and their mterpretation are to be avoided A study of the con- 
ditions for recovery from this “radiation sickness" gives further evidence for a 
cell poison hypothesis Accordmg to this hypothesis, the primary effect m the 
killin g of stram B by ultraviolet is the production of a poison withm the cell 
Under certam conditions this poison can be mactivated or removed and the cell 
remams viable Under other conditions the poison selectively inhibits the 
mechanism of cell division and unbalance is created betv een division and groiiih, 
a filament or “snake” is produced, and the cell finally dies The kdlmg of stram 
B by X-rays and B/r by ultraviolet is due to a different mechanism as no snakes 
are produced and no recovery is observed 
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An investigation of the possible role of Mycdbactenwn smegmahs in the genesis 
of penile cancer followed the observation that horse smegma is caremogeme 
(Plant and Kohn-Speyer, 1947) It was mtended to determme whether extracts 
of the organism possess caremogeme activity^ and whether the organism could 
transform cholesterol mto a caremogeme substance Dunng a study of the latter 
aspect of the problem, evidence for unsaturation of cholesterol by the organism 
was sought smee this is part of a theoretical mechanism for the conversion of 
sterols mto caremogens m biological materials (Cook, 1933) 

It IS well estabhshed that a number of bactenal orgamsms can metabohze 
steroids, whethei this action be lunited to the oxidation of hydroxyl groups or 
entails a breakdown of the nucleus Among these organisms it has been reported 
that mycobacteria can attack cholesterol Tak (1942) foimd that mycobacteria 
m soil are able to decompose cholesterol and that other mycobacteria may grow 
m media contammg cholesterol as its sole source of carbon Turfitt (1947) has 
confirmed this and has observed that M smegmahs is similar to Mycobacterium 
phlei m that some strams are fairly vigorous m this respect but that this property 
IS entirely lacking m the majority and cannot, furthermore, be stimulated by 
ennehment cultures It was found that the stram of M smegmahs used m this 
report consumed cholesterol quite avidly This is of added mterest m that it 
concerns an orgamsm commonly associated with human physiology 

EXPEHIMENTAL RESULTS 

Method The finely powdered steroid was suspended m medium I of Turfitt 
(1944) In some cases it was first dissolved m methanol, which was then blown 
off under a stream of nitrogen This modification offered no advantage De- 
hydrated heart infusion broth (Difco) was added to a concentration of approxi- 
mately 333 mg per liter of medium The contamer was autoclaved and mocu- 
lated with a culture of M smegmahs, stram 178 (Amencan Type Culture Col- 
lection) It was meubated at 37 5 C After completion of the experiment, the 
viabihty was tested by subculture on 1 per cent glycerol agar and observed for 
6 days The contents of the flask were extracted ivith ether and the ether-soluble 
residue was weighed 

* This study was aided by grants from the Donner Foundation, the Dazian Foundation, 
and the Palumbo Fund 

’ Twenty-five mice are being treated with the residue of an alcoholic extract of If 
smegmatis cultures After 40 a eeks one mouse had a carcinoma, after 47 weeks another 
mouse a papdloma 
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Action on steroids The organism has little ability to decompose cholesterol 
in the absence of supplements, but m the presence of heart infusion broth it 
does so quite vigorously (table 1) Glycine and cystme may be substituted for 
the heart infusion broth, but decomposition then is less vigorous This may 
indicate a requirement for a specific nutrient for optunal groivth or optimal 
cholesterol metabolism 


TABLE 1 


Aclton of M smegmahs on steroids 


SUBSTANCE 

QUANTITV 

StrPPLEiIZNT TO 
INORCAmC BUFFER 

TDIE OF 
INCUBATION 

VIABILITY AT 
COitPLETION 
OF EXPERI 
MENT 

APPROXniATE 

AiiT or 

UATE21AL 

CONSiniED* 

Cholesterol 

mg 

200 

Heart infusionf 

months 

3 

+ 

ms 

92 


200 

Heart infusion 

4 

+ 

115 


400 

Heart infusion 

3 

4- 

143 


400 

Heart infusion 

3 

+ 

312 


3,000 

Heart infusion 

3 

4* 

1,011 


200 

Cystine 

3 

4 * 

44 


200 

Cystme 

3 

4 " 

48 


200 

Glycine 

3 

4 * 

64 


200 

^ Glycine 

3 

4 " 

68 

Chlorocholesterol | 

200 

Heart infusion 

3 

4 * 

0 


200 

Heart infusion 

3 

4 * 

1 

Progesterone 

100 

Heart infusion 

3 

-f 

3 


100 

Heart infusion 

3 

4 ' 

3 

Dehydroisoandrosterone 1 

150 

Heart infusion 

m 


0 


150 

Heart infusion 

4U 

— 

0 


* Representing the diflference between the quantity used and the amount of lipid soluble 
residue recovered 

t In the absence of added supplement no growth was obtained and none of the steroid 
was consumed 

f After 2 months there was no evidence of growth The flasks were reinoculated at this 
time, there was slow growth after several days but no viability at the end of the period 

Growth IS vigorous m the presence of chlorocholesterol although this substance 
IS not attacked This is also true of progesterone On the other hand, de- 
hydroisoandrosterone appears to be inhibitory This substance differs from 
cholesterol by the absence of the side chain, which is replaced by an oxygen 
atom Chohc acid and desoxycholic acid are inhibitoiy, but these are not com- 
parable substances smce they are soluble under the conditions employed 

Although only a few substances were used, some mterestmg conclusions may be 
drawn Members of the Flavohactenum group can oxidize nuclear hydroxy 
groups of steroid compounds only if they are devoid of the cholesterol side cham 
(Molma and Ercoli, 1944) Turfitt (1944) has observed that organisms of tlie 
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genus Pi oaclinomyces can decompose steioids havmg or lackmg a side chain It 
appears that M smeginaiis requires the presence of the side cham foi action upon 
the steroid molecule, thus differmg from the others Furthermore, smce the 
organism glows well m the presence of chlorocholesterol, which would be expected 
to be toxic if taken mto the cell, and smce dehydroisoandrosterone is inhibitory, 
it IS possible that mteraction takes place m two phases that of penetration mto 
the cell, and that of oxidative degradation followmg penetration Each phase 
would be associated with different structural requirements If this view is cor- 
rect, dehydroisoandrosterone has the structural requirements necessary for 
penetration, but havmg entered the organism it interferes with certam physi- 
ological mechanisms Smce cholesterol is consumed, it must have both of the 
structural requirements 

The study of the action of microorganisms on steroids differs from most similar 
metabolic studies m that the substrate is msoluble m the medium Indeed, the 
ability of the organisms to make the steroid available for action by its enzymes 
may be the conditionmg factor m determmmg whether a given steroid is de- 
graded, subjected to oxidation of its nuclear hydroxyl groups, or not attacked 
at all This critical mteraction probably occurs at the outermost layer of the 
cell, as a surface-film-monolayer reaction Consequently the nature of the cell 
surface would determme the outcome of the over-all picture, and, therefore, 
different genera of bacteria might behave differently 

Action on cholesterol succinate The mteraction involving an msoluble sub- 
stance is a very slow process In view of this, a soluble form of cholesterol, that 
of the half-cholesterol ester of succmic acid, was used as substrate The ester 
was suspended m water and dissolved with a mmimal quantity of sodium car- 
bonate solution The buffer medium was added so that the final solution con- 
tamed 5 to 10 mg of cholesterol m 3 ml The organisms were obtamed by 
washmg with salme a 10-day culture of M smegmatis on agar (heart infusion 
broth) mto a “digestion tube ” The salme was discarded and 6 ml of buffer 
medium were added Then, 3 ml of cholesterol succmate solution were added 
The pH of the solution was approximately 8 The tubes v ere shaken at 38 C 
for 24 hours The reaction was stopped by addmg 5 g of potassium hydroxide, 
and the contents of the tube were saponified by heatmg on a steam bath for 
3 hours The cholesterol w as extracted and determmed colorimetrically The 
results are shown m table 2 

Cholesterol is consumed with great rapidity when m solution Because of the 
relatively short tune required, this technique should be suitable for the study of 
the intermediary metabolism of this substance Acetone-dried preparations still 
retain some activity It would be mterestmg to learn whether organisms that 
were unable to attack cholesterol in the solid phase can do so when it is m a 
solution 

Investigation of the unconsumed residue In order to mvestigate the products 
of reaction and to determme whether unsaturation of the cholesterol nucleus 
could be demonstrated, the ether-soluble residue from a 3,000-mg batch (table 1) 
was fractionated The bacterial residue after saponification yielded material 
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equivalent to 3 mg of cholesterol as determmed colorimetricaUy An equal 
quantity of organisms not exposed to cholesterol contained only a trace 

The ether-soluble residue was extracted with alkali and then treated with 
succmic anhydride in pyridme, accordmg to the usual procedure, to obtain 
alcohohc and nonalcoholic fractions These fractions were in turn treated with 
the Girard reagent to separate the ketonic material The yields obtained with 
the respective fractions were as follows alcohohc nonbetomc 1,667 mg, alcoholic 
ketomc 2 mg, nonalcoholic ketonic 17 mg, nonalcoholic, nonketomc 26 mg, and 
alkah-soluble 34 mg 

The alcoholic nonketomc fraction was found to contam only cholesterol No 
evidence was found to suggest that any substance was present that possessed 
more than one double bond per molecule The alcoholic ketonic fraction and 


TABLE 2 


Action of M amegmatis on cholesterol succinate 


rxpT 

VIASHITV OP 
OaGA^’lSJS 

CHOtESTESDL 

SUCCINATE 

f CaOLESTEBOt 

1 BECOVEBED 

CaOIESTCBOL 

CONSUIIED 



me 

mg 

ffig 

1 

4-* 

7 75 

6 45 

1 30 

2 

4- 

8 55 

6 05 

2 50 

3 

"f* 

8 55 

6 60 

1 95 

4 

+ 

6 70 

4 45 

2 25 

5 

4“ 

6 85 

4 95 

1 90 

6 

-t 

6 70 

6 20 

0 50 

7 

-t 

6 85 

6 05 

0 SO 

8 

+7 

6 60 

6 60 

0 

9 


0 i 

Trace 



* Organisms obtained from slants, all others from Kolle flasks 
t Acetone dried powder 
t Treated immediately with KOH 


the ketonic nonalcohohc fraction were uncrystaUizable gums In the latter a 
small quantity of cholestenone-3 was demonstrated The nonketomc, non- 
alcoholic fraction was subjected to chromatographic separation and a hydro 
carbon was obtained that after crystallization from methyl alcohol yielded prisms 
meltmg at 119 to 120 C It gave a positive Liebermann-Burchard reaction It 
possessed no charactenstic absorption maxima m its ultraviolet spectrum 
Turfitt (1948) has been able to isolate 3-ketoetiocholemc acid and 5-keto nor- 
(_4)_4-coprostanic acid-3 from the reaction of Proachnomyces erylhropoUs on 
cholestenone usmg a rather mgenious techmque that allows for contmuous 
removal of breakdown products Similar breakdown products were sought m 
the alkali-soluble fraction It was separated into two fractions, one, an un- 
crystaUizable gum that yielded soluble potassium salts, and the other, crystalline 
material the potassium salts of which were msoluble m water The latter was 
separated from a mmute amount of ketomc gum, which gave a positive Lieber- 
mann-Burchard reaction, and from a nonalcohohc oil that yielded a >eIlow co or 
with the same reagent The alcoholic substance was completely precipita e 
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With digitonin, indicating that ring A was intact It yielded prisms melting at 
135 to 137 C and gave a positive Liebermann-Bui chard leaction 

It IS very temptmg to accept these acid derivatives of cholesterol as mter- 
mediary breakdown products m its metabolism by M smegmatis Although this 
may be true, such conclusions are open to uncertamty for the followmg reason 
Cholesterol is generally considered to be a very stable substance, but it is well 
estabhshed that cholesterol m colloidal aqueous solution is very susceptible to 
the action of molecular oxygen (Bergstrom and Wintersteiner, 1941) Although 
these oxidations have been demonstrated to occur upon the mtact steroid nucleus, 
a search for nuclear breakdown products appears not to have been made 

To check this pomt the followmg experiment was performed Three 1,000-mg 
samples of cholesterol dissolved m a mmimal amount of hot alcohol were poured 
mto 200 ml of buffer medium m large flaslcs, and several drops of sorbitan 
monooleate were added to each flask The mixtures were oxygenated for 24 
hours The product was taken up m ether and the acids were obtamed by ex- 
traction with alkah The acid fraction weighed about 25 mg and undoubtedly 
contained some acids from the sorbitan monooleate The acids yieldmg msolu- 
ble potassium salts were isolated Although crystalhzation could not be effected, 
it was found that this material gave a positive Liebermann-Burchard reaction ’ 
Even this sunple experiment must arouse caution in mterpretmg the presence of 
the above-mentioned acid breakdown products as a dnect result of bacterial 
metabolism Smce a study of the action of microorganisms on cholesterol m- 
volves prolonged exposure to air and sometimes to oxygen, such experiments 
must be carefully controlled 

Action on procarcinogens In pursuance of the idea that M smegmatis might 
be involved m the genesis of penile cancer similar experiments were set up replac- 
mg the steroids with the followmg hydrocarbons phenanthiene, methylchol- 
anthrene, hexahydromethylcholanthrene, dehydronorcholene, and squalene 
Hexahydromethylcholanthrene is a reduction product of methylcholanthrene 
(Wieland and Dane, 1933) Dehydronorcholene is an mtermediate m the pro- 
duction of methylcholanthrene from desoxychohc acid (Wieland and Schhchtmg, 
1925) Squalene and its cychzation product(s) have been found to be piesent 
m horse smegma It has been postulated^ that aromatization of the lattei sub- 
stance (s) could yield methylated chrysenes that are carcmogenic 

Evidence for conversion was sought by a study of the fluorescent spectra 
Although growth of M smegmatis was vigoious in the presence of phenanthrene 
and methylcholanthrene, no change m the fluorescent spectra was visible after 
3 months The fluorescent spectrum of hexahydromethylcholanthrene is similar 
to that of methylcholanthrene but shifted to the red If the latter substance 
had been formed, it uould have been easily detectable Although growdh was 
vigorous, methylcholanthrene was not found after 10 weelcs Dehydronor- 
cholene lemamed unfluorescent aftei 3 months’ exposure to the organism, al- 
though giowth was vigorous m its presence Squalene proved to be inhibitory, 
probably because of the formation of peroxides, w'hich occurs readily with this 

’ Sorbitan monooleate does not give a positive reaction 

* In preparation 
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substance Both the contiol and the ejqDeinnental matenal contained the 
fluorescent substance that forms m squalene on standmg 
Action of Mycoiacterium tuberculosis A few preliminary experiments indicate 
that ikf tuberculosis is capable of consuming cholesterol, but much less vigorously 
than M smeginatis Possibly this is related to its slower growth M tuber 
culosis Avas grown m the presence of 10-mg samples of cholesterol m Duboa 
medium and on buffer medium with heart infusion broth for 3 months Ap 
proximately 28 per cent had been consumed m the former medium and 22 per 
cent m the latter With 200-mg samples of cholesterol m medium containmg 
heart infusion broth, 3 mg disappeared after 3 months and 14 mg after 6 months 
It remams to be seen what role this bacterial breakdown of cholesterol plays in 
pathological processes 
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SUMMARY AND CONCLUSIONS 

Mycobacterium smegmatis has been observed to consume cholesterol actively 
when this substance is m the sohd phase or m solution as its succmate The 
presence of the side cham appears to be necessary for this action, thus differ- 
entiatmg this organism from several others m respect to its action on steroids 
An attempt to find evidence for the dehydrogenation of the steroid nucleus was 
unsuccessful, as were attempts to demonstrate the conversion of seveial other 
theoretical procarcmogens mto carcinogens Several unidentified breakdown 
products of cholesterol were found, and it is pointed out that acid derivatives 
might be artifacts produced by molecular oxidation rather than bacterial 
metabohtes 
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Previous methods of preparing sihca gel media aie based on a chemical reac- 
tion between sodium sihcate and hydrochloric acid, or more recently between an 
organic orthosihcate and water (Ingelman and JiiUander Nature, 166, 572, 1945, 
Ingelman and LauieU J Pact , 63 , 364, 1947) In these methods undesired 
products of reaction are removed by washmg, and nutrients are added by al- 
lowmg the desired nutrient solution to soak m 

The availability of highly purified colloidal sihca preparations suggested the 
possibihty of preparmg sihca gels for bacteriological purposes sunply and directly 
This has been done with two commercial preparations The material marketed 
under the trade name of “ludox” (du Pont) consists of a 30 per cent aqueous 
solution of colloidal sihca With this solution, diluted to 10 per cent sihca, 
desired nutrients may be added and dissolved, the pH adjusted as desued, and 
the medium autoclaved m petri dishes, simultaneously brmgmg about gelation 
A 10 per cent sihca gel successfully replaces agar m Waksman’s thiosulfate agai 
medium and supports growth of Thtdbacillus thwoxulans, the colonies bemg 
similar to those on thiosulfate agar Similarly a 10 per cent sihca solution pre- 
pared from colloidal sihca (Lmde Au Products Company) yields identical results 
With this product a colloid mill is necessary to disperse the dry sihca powder m 
the hquid medium 

The silica gel plates prepared with these materials are rigid enough for easy 
streakmg They are not clear and transparent, as are those produced by the 
other methods, but are cloudy and translucent, although colonies may be seen 
through the thickness of the gel Smee sihca gel is more susceptible to drymg 
and crackmg than agar, the plates are autoclaved m a canister, allowed to cool 
slowly, and incubated m a contamer containmg some water 
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The effect of members of the genera Eschertchta and Aerolacler on media con- 
tammg a-methylglucoside is presented A quantitative study of the metabolic 
products formed from this glucoside is reported The methods and procedures 
were essentially those employed m previous studies in this laboratoiy (Field and 



Hours 


Figure 1 Curves showing the change in pH values when gas-producing and non gas 
producing strains of Escherichia colt are grown in a-methylglucoside media 


Poe J Biol Chem , 132, 473, 1940) on the action of bacteria on sugars and higher 
alcohols 

Species of both genera produced acetic, formic, lactic, and succmic acids 
There vas httle difference m the amounts of products produced by the gas 
producmg strains of Escherichia call and the strains of Aerobacter aerogenes 
The ratio, volatile to nonvolatile acids, is shghtly above 1 for the E coli members, 
and less than 1 for the A aerogenes members The ratio, acetic to lactic, is 
higher for the former organisms There was considerable difference m the 
amounts of fermentation products produced with the gas-fonnmg and non gas- 
foimmg strains of E coli The members of the former group produced greater 
amounts of each constituent These gas-producmg strains showed an aserage 

* For reprints address the junior author 
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of 12 mg of foimic acid pei giam of glucoside, agamst 1 6 mg for the non-gas- 
producmg organisms The ratio, acetic to succmic, was most strikmg, bemg 1 1 
for the gas-producmg stiams to 11 5 for the non-gas-producmg strains In 
strams that fermented a-methylglucoside mth gas production, there was httle 
of the glucoside remammg unchanged m the medium after 96 hours 
The change of pH m the medium was measured inth time With the non- 
gas-producmg strams of E coli, the pH values reached a minimum of 6 4 m 
10 hours and then mcreased rapidly to ovei 8 after 35 hours With the gas- 
producmg strains, the pH was lowered to 5 2 and then mcreased to a maximum 
of over 8 5 (figure 1) The changes m pH values for the A aerogenes reached 
one minim um pH of 5 5 m 8 hours and another minimum of 5 8 after 60 hours 
The lowermg of the pH a second time may have been caused by the production 
of more active a-methylglucoside-fermentmg strams after the growth of the 
organism m the medium contammg this glucoside 

THE ACTION OF PHENOL-BILE iVIEDIA ON THE GENERA 
ESCHERICHIA AND AEROBACTER 

CHARLES F POE and RUBY JOHNSON O’KELLY 
Division of Saniloiry Chemtslry, University of Colorado, Boulder, Colorado 

Received for publication December 17, 1948 

Varying amounts of bile (0 0 to 15 per cent) and phenol (0 0 to 1 0 per cent) 
were added to lactose peptone broth The mcrease m the number of bacteria 
and the percentage of gas production with species of Escherichia and Aerobacter 

TABLE 1 


Growth in phenol-bile broth Escherichia cultures 


BILE 

BHE^0L 


0 per cent 

0 025 per cent 

0^0 per cent 

0 075 per cent 

0 1 per cent 

1 0 2 per cent 

0 3 per cent 

per ctni 








0 

185* 

199 

178 

164 

158 


0 

1 

200 

206 

184 

188 

165 


0 

3 

227 

234 

212 

179 

189 

75 

0 

5 

233 

230 

226 

198 

203 

72 

0 

7 

242 

236 

239 

215 

240 

so 

2 

9 

220 

210 

215 

210 

234 

88 

12 

11 

216 

198 

204 

226 

226 

96 

16 

13 

204 

186 

200 

204 

215 

102 

11 

15 

160 

148 

178 

192 

207 

82 

1 

21 

1 


* 000,000 omitted Count on basis of 1 organism per ml of original content of the inocu- 
lated medium 


were determmed at the end of given periods of time m each medium Table 1 
shows the effect of the different media on the growth of five cultures of Escherichia 
after 12 hours The Aerobacter cultures grew shghtly better m the higher per- 
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centages of phenol than did the Escherichia cultures In general, the bacterial 
count increased as the content of the bile increased and decreased mth an m 
crease in phenol content Thirteen and 15 per cent bile, how ever, seemed to 
show some inhibition Most cultures were inhibited by a phenol content of 
0 3 per cent In the media contaming the higher percentages of bile, the in- 
ci eased amounts of phenol, m general, had less detrimental effects The media 
w'^ere adjusted to pH values from 6 5 to 7 5 The growths of the oiganisms were 
not greatly influenced by the changes m reaction of the media withm these Imnts 
Several sporeformmg lactose-positive aerobes were grown in the different 
media In general, 5 per cent bile and 0 05 per cent phenol in the media m 
hibited these organisms Several anaerobes were tested in the different media 
These organisms were not inhibited by the test media The anaerobes grew 
well m media contammg 0 2 per cent phenol and 15 per cent bile Solid media 
contammg bile and phenol did not affoid any means of differentiation between 
Escherichia and Aei obacter species The only advantage of the bile phenol 
media is to elunmate the growth of sporeformmg lactose-positive aeiobes 

A STUDY OF BORIC ACID MEDIA FOR THE SEPARATION OF 
ESCHERICHIA AND AEROBACTER 

CHARLES F POE and LOWELL W CHARKEY 
Division of Sanitary Chemistry, University of Colorado, Boulder, Colorado 
Received for publication December 17, 1948 

The effect of boric acid in a peptone lactose broth on the growth of cultures 
of the genera Escherichia and Aerobacler is reported Media contaming varymg 
amounts of bone acid from 0 25 to 0 60 per cent w ere prepared Different lots 
were adjusted to pH values of 6 5, 7 0, and 7 5 The pH of the media caused 

TABLE 1 


Average gas ■production for Escherichia and Aerobacler cultures 


HOURS 

0 300 FEB CENT BOKXC ACID 

0 325 PEH CENT BOBIC ACID 

Escherichia 

Aerohacter 

Escherichia 

Aerobacler 

12 

0 00* 

0 00 

0 00 

0 00 

24 

1 34 

0 52 

0 72 

0 01 

48 

15 96 

6 80 

12 45 

6 00 

72 

21 81 

10 95 

18 55 

10 40 


* Percentage of gas 

little differences m growtL The gas production was somewhat lo'^er m Uic 
media adjusted to a pH value of 7 5 The smaUest amount of boric acid 
0 25 per cent, retarded gas production m companson with the controls con a o 

no bone acid. , ^ 80 

The growth of 188 cultures of Escherichia, 172 cultures of Aerobacte , 

cultures of Citrobacter {Escherichia freundt) was determined m media con ai 
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0 300 and 0 325 per cent bone acid In the latter medium, 59 per cent of the 
Aerobacter cultures, 92 5 per cent of the Escherichia cultures, and 35 5 per cent 
of the Citi obacter cultures produced gas All cultures were arranged by species, 
and the average gas produced was determmed As may be seen by table 1, 
the gas production of the Escherichia cultures was about 50 per cent greater than 
that of the Aerobacler cultures at the end of each period of time after 12 hours 
The gro\vth of species of the two genera was tried on solid agar media, the 
boric acid content varymg m amounts from 0 10 to 0 60 per cent In the solid 
media a greater concentration of boric acid was required to prevent growth than 
m the liquid media A concentration of 0 45 per cent boric acid was necessary 
to inhibit all of the 15 Aerobacter strams used Unfortunately this concentration 
also prevented growth of 8 of the 15 Escherichia strams tested The boric acid 
m media showed greater mhibition toward Aerobacter strains than toward 
Escherichia strams Boric acid media is not suitable as a differential medium 
for the two genera of bacteria 


THE TRANSFORMATION OF SALMONELLA ORANIENBURG TO 
SALMONELLA MONTEVIDEO' 

D W BRUNER 

Department of Animal Pathology, Kentucky Agricultural Experiment Station, 

Lexington, Kentucky 

Received for publication December 30, 1948 

Edwards and Moran (Proc Soc Exptl Biol Med , 61 , 242, 1946) showed 
that changes could be mduced m Salmonella H antigens in mtro by growth m 
agglutmatmg serums Bruner and Edwards (J Bact , 53, 359, 1947) reported 
alterations of the nonspecific antigens of Salmonella This note deals with the 
change induced m the H antigens of S oranienburg, a monophasic specific 
Salmonella type 

S oranienburg antiserum absorbed by S montevideo was employed m the 
experiment Smee the diagnostic formula of S oranienburg is VI, VII m, t— 
and that of S montevideo is VI, VII g, m, s — this absorption removed all the 
designated 0 agglutimns from the antiserum and all of the H agglutinms except t 
In the H antigenic complex of S oranienburg t is a major component In like 
manner S montevideo antiserum was absorbed by S oranienburg The absorbed 
serums were treated with chloroform to kill all survivmg bacteria 

When growth from a smgle colony of Kauffmann’s standard S oranienburg, 
stram 9087, was cultivated m semisolid medium contaming absorbed S oranien- 
burg antiserum m a dilution of 1 to 500, small filmy bulbs gradually spread from 
the Ime of moculation These bulbs appeared usually on the second day after 

* The investigation reported in this paper is in connection with a project of the Kentucky 
Agricultural Experiment Station and is published by permission of the Director It was 
supported in part by a research grant from the U S Public Health Service 
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inoculation and from their spreading growth a form that was mdistmgmshable 
from S rmntemdeo was isolated This induced phase completely exhausted 8 
montevideo antiserum of agglutmms for the homologous strain Smce the H 
antigens of S oramenburg are m, t and those of S montevideo are g, m, s the 
transformation was not simply a loss variation Although antigen t disappeared 
m the exchange, antigens g and s were gamed and antigen m was retained m a 
recognizable state 

The experiment was repeated usmg 6 cultures of S oramenburg that recently 
were isolated from animals Two of the 6 animal strams readily were trans 
formed to S montevideo Attempts to change the mduced strams of S monte 
video back to S oramenburg were not successful Furthermore, it was not pos 
sible to change the standard S montevideo t 3 rpe, or any of 6 recently isolated 
strams, to S oramenburg by growth m S montevideo antiserum absorbed by 
S oramenburg 

It was established by Edwards and Moran that a phase that can be induced 
in vitro from S minnesota actually occurred m nature It also was shown by 
Edwards, Moran, and Bruner (Proc Soc Exptl Biol Med , 66, 230, 1947) that 
a phase of S senftenberg isolated infrequently from cases of salmonellosis could 
be changed to a form mdistinguishable from S senftenberg The transformation 
of S oramenburg to S montevideo is of especial mterest smce they were among 
the early Salmonella types that were assigned antigenic formulas Both are 
frequent m occurrence and world-wide m distribution They belong to the 
g-complex of the Salmonella H antigens It is possible that further studies will 
show other mstances of transformation withm this antigenic network 

Although it IS possible to transform S oramenburg to S montevideo it should 
be emphasized that this change m no way mvalidates the ICauffmann-White 
classification, which is used for diagnostic and epidemiological purposes Ho«- 
ever, studies in mduced variation have yielded information on the origin of the 
numerous serological types that occur m nature This knowledge mdicates that 
certam types are capable of givmg nse to others, but does not explam the phc 
nomenon of phase variation 
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ELECTRON MICROSCOPE STUDIES OF BACTERIOPHAGE 
ACTIVE AGAINST STREPTOCOCCUS LACTIS‘ 

CEP \.RMELEE, P H CARR, and F E NELSON 
Iona ignculluial Experiment Station, Ames, Iona 

Received for publication December 26, 1948 

Owing to then veiy small size, bacteiiophage paiticles weie not obseived oi 
photogiaphed until the advent of the election micioscope Election micro- 
giaphs of club-shaped objects lesultmg fiom the lysis of Escherichia coh by 
phage weie hist lepoited by Ruska (1940) and Pfankuch and Kausche (1940) 
Ruska (1941) found the vaiious phages with which he w'oiked to measuie 250 
to 400 mp in total length and 60 to 100 m/x in bieadth of head Luna, Delbruck, 
and Andeison (1943) lepoited the head of the a vnus of E coh was 45 to 50 m/x 
in diametei , that of the y vnus was 65 by 80 mp, wnth a tail 120 m/x long The 
phage affecting the motile E coh is 50 to 60 mp in diametei and appaiently has 
no tail The election miciogiaph of Staphylococcus phage piesented by Luiia, 
Delhi uck, and Andeison (1943) indicates that it has a spheiical head 100 m/x in 
diametei and a straight oi cuived tail 200 mp long 

Hook, Beaid, Tayloi , Shaip, and Beaid (1946) found that the T 2 bacteiiophage 
of E coh (stiain B) in bioth had a total length of 211 m/x and wadth of head 
piece of 80 m/x, and in S3mthetic medium a total length of 248 m/x and width of 
head piece of 86 m/x Among otheis who have studied the phage of E coh with 
the election micioscope aie Lima and Andeison (1942), Wyckoff (1948), Mudd, 
Hilhei, and Smith (1948), and Hilhei, Mudd, and Smith (1948) The bacteiio- 
phage of Salmonella pidloruin, as obseived by Bayloi , Seveiens, and Claik (1944), 
IS 40 to 45 mp m diametei and has no tail Appaiently no lesults of election 
micioscope studies of the bactei lophages active against Streptococcus lachs, 
except for the prehmmaiy repoits on the piesent woik (Pai melee. Can, and 
Nelson, 1948a,5), have been published 

METHODS AND MATERIALS 

Electron miciogiaphs of bacteiiophage paiticles (stiain F 43) active against 
Streptococcus lacks (stiain 122-1) have been made wath an R C A type EMU 
election micioscope All mounts were made on collodion membianes piepared 
on the suiface of watei and sti etched ovei 200-mesh wne scieens 

The fiist miciogiaphs of the phage paiticles weie taken of a bacteiia-fiee 
whey filtiate that had a titei of 1 X 10‘® phage paiticles pei milhhtei The 
miciogiaphs of phage particles in the piesence of bacteiial cells weie made fiom 
mounts piepaied fiom a mixtuie of a cell-fiee whej"^ filtiate containing bacteiio- 
phage and a 24-houi cultuie of the susceptible bactena in 5 pei cent whe 3 '^ solu- 
tion, the mixtuie havmg’been incubated at 30 C foi vaiying lengths of time 
The numbei of phage paiticles added alwa 3 's was m excess of the number of 

' Journal Paper No J-15S2 of the Iowa Agricultural Experiment Station, Project 652 
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bactenal cells The mounts were dned on the collodion membrane at room 
tempeiatme for 12 hours, immersed m distilled water for 30 minutes, and agun 
dried The long drying penod seemed to give bettei fixation of the matcnal 
to the membrane m the presence of the high sugar content of the whe} Washing 
by immersion wms necessary to remove soluble whey constituents, which other” 
wise prevented clear observation of the specimen The mounts for all of the 
electron micrographs presented were shadowed by a modification of the method 
of W ilhams and Wyckoff (194-f, 1945, 1946) The shadow casting was done with 
gold m a vacuum, at an angle of about 75° Exposuies were made at a magni 
fication of 8,500 diameters, and the figures are at a magnification of 15,000 di- 
ameters except for figure 11, which is at 30,000, and figures 15a and lob, which 
aie at 18,000 chameters 


RESULTS 


The noimal cells of S lacks are shown in figure 1 The mount w as prepared 
from a 24-hour culture m 5 pei cent whej^ incubated at 30 C The oigani=ms 
generally occui m pairs or veiy short chains m this medium The spade shape 
of the orgamsms at this magnification is of inteiest, because it explains their 
appeal ance as stretched cocci when obsenmd with the optical micioscope Ihe 
deal area aiound the cells is piobably due to shrinkage of the cells dining drjiiig, 
as was suggested by Umbreit and Anderson (1942) Some normal cells of 6 
lacks wnth phage particles around them but not attached in any particular order 
are shown m figure 2 There is an indication of capsular material around the 
cells m this figure, as well as around those m some of the other figures 3 his 
picture was taken from a mount of an <8 fadis-phage mixtme that had been m 
cubated at 30 C for 15 minutes The length of the shadow cast by each phage 
paiticle indicates the relative height of the head and the tail Appaiently some 
of the bactenal cells have flattened somewhat dunng preparation, as the shadows 
xaiy in length and are not all consistent with the obsened si7e of the cell 
[Measurements of a number of particles of thisstiam have shown that the total 
lengths of the particles varj^ fiom 180 to 280 mjx The spheiical heads range 
fiom 60 to 90 m/i in diameter the tails are 20 to 40 m/i wide and 120 to 190 iiv 
long [Most particles hac e a head that is 70 in diameter and a tail that is 50 


ma wide and 150 ma long 

Obsercations of two strains of phage from New Zealand, fom strains from 
England, one strain from Canada, and two stiams isolated at the Iowa Igriciil- 
tuial Expenment Station indicate that the nine strains aie so neail> alike m 
shape and size that they cannot be differentiated on that basis 

A point of much control ersj" has been the mode of attack of the bactcri il cc 
by the phage particle Euska (1943) reported that the tadpole-shaped “d’lhrtl- 
len” adsorb tail first on the host cell The bacillus-shaped phages of Ivottm mn 
(1942) onented themselves perpendicularly to the surface around the penphtn 
of the host cell, suggesting that they are adsorbed m a narrow band or dial on 
drjung they onent that wa> because of surface tension forces Figure J -tiows 
the phage particles onented wnth the tail toward the bacterial cell, which n m 
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Figure I S ?acOs colls from 24 hr, 30 C culture in 5 per cent \\he> X 15,000 
Figure S S lactis phage mi\ture, 15 min, 30 C X 15 000 
Figure 3 S lactis ph ige mixture, 1 hr, 30 C X 15,000 
Figure 4 Phage from S lactis phage mixture 4 hr, 30 C X 15,000 
Figure 3 S lactis phage mixture, 4 hr, 30 C X 15,000 
Figure G S lactis phage mixture, 4 hr, 30 C X 15 000 
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Figure 7 S laclis phage nu\ture, 1 hr, 30 C X 15,000 
Figure 8 S laclis phage mixture, 45 min, 30 C X 15,000 
Figure 9 S laclis phage mixture, 45 min, 30 C X 15 000 
Figure 10 S laclis phage mixture, 30 min, 30 G X 15 000 
Figure 11 Cell debris and phage from S laclis phage mixture, 5 hr iO (_ X 10,000 
Figure 12 Phage from S laclis phage mixture, 1 hr, 30 C X 15 000 
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agieement with the obseivation of Ruska (1943) and the election miciographs 
of cohphage of Andeison (1948) This oiientation may be leal oi it may be an 
aitifact of the diying of the pieparation The shimkage of the cells in the upper 
pait of figuie 3 appaiently is due to diying, uheieas that in the lowei part is 
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Bacteiial cells that have been in contact with homologous phage foi a time 
tend to become elongated, as showm m figuies 4, 5, 7, 8, and 13 In hgure i two 
of the cells aie of normal size and shape and two are elongated In hgure S the 
cells appear to have failed to form cross nails as they should have for uoimil 
fission This may be a stage in the development of the cell just pi lor to the bin »t 
The circular ariangement of phage particles in figure 6 has been obseivcd upon 
several occasions in degrees varying from two phage pai tides joined by the tips of 
the tails, through a “Y” formation of three particles, to nearly a complete ur- 
cle The varying degi ees of curvature of the tails of the phage pai tides as slioim 

m the figuies indicate that the tails aie not as rigid stiuctuies as are the tails of 
eoh phage, Avhich according to Delhi uck (194G) are stiaight oi slightly cui\cd 
The cuiwatuie of the tails of the B lacks phage appears to resemble that of the 
Staphylococcus phage, as showm by Luna, Delhi uck, and Andeison (1943), more 
closely than that of any of the other phages 
The honeycomb structure which can be observed surrounding the bactenal tolls 
of figures 7, 8, and 9 and aiound the buist cells of figuies 9, 10, 11, 13, and 14 ap 
pears to be made of verj'’ closely packed heads of phage particles Fust obsena 
tion seemed to indicate that the segments of the honeycomb are smallei than the 
heads of the free phage particles, closet observation indicates that the dimplts 
in the honeycomb structure aie shrunken spots on the heads of phage pai tales, 
rathei than interstices betn een the heads of particles The shadow s of the edges 
of the honeycomb structuies indicate they have about the same height as the 
edge of the mass of phage heads of figure 12 The closely packed heads of pliagc 
particles in the shadow of the cell debns of hgure 1 1 indicate that undci sonic 
conditions they can be seen when not shadowed with gold As these micro 
graphs weie made of cells m the presence of an excess of phage particles, the 
honeycomb structure could be the result of adsorption of laige numbers of phage 
particles to the surface of the cell, how'ever, it is doubtful that such large mini 
bers of phage paiticles would adsorb m such an oideily mannei Similar stiiic 
tures have been shown for the bactenophage of E coli by WyckofT (1948) 

The bactenal cells that are disintegiating m figures 7, 9, 10, 13, and 14 gi\c 
evidence that cells actually burst after they have been subjected to the actnity 
of homologous phage 

The mass of phage particles of hgures i5a and 15b appaiently is another form 
of the mass of figure 12, both of which piobably result from the lysis of one or 
moie bactenal cells Such masses of phage particles have been ob^ei ved a mini 
ber of times on mounts prepared from S fadrs-phage mixtures that have been in 

contact 4 to 5 hours . 

Figures 8, 9, 11, 12, 15a, and 15b appear to indicate a possible sequence ly 

which the cells of S lacks are lysed by phage 

SLXniARX 

Electron micrographs of a phage active against Streptoeveens liirlc, an pre 
rented The phage particles are sperm-shaped, 220 mti long, ha\ e a Ik a < i m 
ter of 70 m^, and a tail that is 30 wide and 150 m/x long Nmc Araim o 
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phage observed ■with the electron microscope are so nearly alike m shape and size 
they cannot be differentiated on that basis Bactenal cells in contact with homol- 
ogous phage appear to elongate pnor to burstmg A possible sequence by which 
S lactis cells are lysed by phage is indicated by figures 8, 9, 11, 12, 15a, and 15b 
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It has been the usual expenence that influenza virus pneumonia of mice is 
readily transmitted by senal passage, that is, suspensions of lungs from mice 
which die as the result of mtranasal mtroduction of the virus produce death, or 
at least extensive pulmonary lesions, when mtroduced mto normal mice by the 
mtranasal route However, durmg the adaptation of the Cam stram of influ- 
enza A prime virus to mce, we observed that, although the mfected allantoic 
flmd killed the mice on the third or fourth day with complete pulmonary consol- 
idation, suspensions of lungs obtamed from those animals did not produce pul- 
monary lesions when mtroduced mto the lungs of normal mice Anderson and 
Burnet (1947) previously had reported similar results with the Cam stram of 
virus, but they did not show whether or not the virus particles present m the 
allantoic fluid were responsible for the mouse virulence The present mvesti- 
gation was imdertaken m order to obtam data on that pomt 

METHODS 

Viriis The Cam stram of influenza A prime virus, which was used m the 
present study, was received m this laboratory by Dr T P Magill as frozen and 
dned allantoic fluid from the twenty-second egg passage It was obtamed from 
Dr Joseph E Smadell who, m turn, had received it from Dr S G Anderson as 
frozen and dned ammotic flmd from the twentieth egg passage Thus, at the 
beginning of the present study, the virus had been through 22 egg passages, 20 
of which had been by the ammotic and 2 by the allantoic route The passage 
number used m the text mdicates the number of passages that had been made 
durmg the present mvestigation 

Mice The mice were from a colony of albmos that has been mamtamed in 
this laboratory for approximately 13 years The ongmal stock was from the 
Rockefeller Institute stram 

Lung suspensions The mouse lungs, used for both passage and titration, 
were ground with alundum, sterile distilled water was added to make a 10 per 
cent suspension The suspensions were then centrifuged at low speed for 5 to 
10 mmutes and the supernatant flmds removed and tested immediately 

Egg passage Egg passage was made with allantoic flmd diluted 10"’ in 
sterile infusion broth to which sufficient pemcilhn had been added to provide 
100 units per moculated dose The moculum was mtroduced, through a hole m 

I This investigation was aided by a grant from The John and Mary R Markle Foun- 
dation 
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the shell, into the allantoic sac of eggs containmg 10- to 12-day-old embryos 
The moculated eggo were mcubated for from 48 to 72 hours at 35 C and were then 
chilled before the allantoic flmds were harvested 

Titrations in eggs The materials (allantoic fluid or mouse lung) to be titrated 
were diluted m tenfold steps, and each dilution was tested m from 2 to 5 (usually 
3) embryonated eggs by the procedure descnbed for egg passage The moculum 
was always 0 2 ml Each allantoic fluid was tested m a series of dilutions for 
hemagglutimns and the 50 per cent egg-infectious titer was calculated (Reed 
and Meunch, 1938) 

Titrations in mice Mice were moculated mtranasally, under light ether an- 
esthesia, TOth 0 08 ml of the mdicated dilution of test matenal Where only 

TABLE 1 

Comparison of different Cam-infecled allantoic fluids with suspensions of lungs from mice 
inoculated with those fluids in respect to infectious titer for eggs and 
pathogenicity for mice 


EGG 

PASSAGE 

NO 

ALLANTOIC PLUIDS 

HOUSE LUNG SUSPENSIONS* 

Eg^. 

infectious 

titer 

Pathogeniaty for mice intranasal inoculationf 

Eg^ 

infectious 

titer 

Pathogeniaty for mice 
mtranasal inoculationf 

DJution of inoculum 

Dilution of jnonilmn 

Undil 

1 25 

1 5 

1 10 

1 10 

1 25 

19 


3*, 3, 3 

6)8, -f-f 

++i+,0 

mil 

10-6 6 

0,0,0 

0,0,0 

21 

10-« 5 



0,0,0 


No test 

No test 

No test 

33 


2, 3*, 5 

No test 

3,3,4 

mm 

10-6 6 

0,0,0 

0,0,0 


■B 

3,3,3 


0,0,0 


10-4 6 

0,0,0 

0,0,0 


* Lung suspensions n ere prepared from the mice which are indicated by an asteriak 
t Each figure indicates the day of death of one mouse, 0, +, -l--i- indicate increasing do 
grees of pulmonary consolidation 


the titers are shown they represent the calculated 50 per cent end pomt mortal 
ity, these materials tv ere tested m a senes of tenfold dilutions and 3 to 6 mice 
vv^ere moculated vvnth each dilution The tests were tenrunated on the tenth day 

EXPERIMENTAL RESULTS 

Comparison of allantoic fluids vnth lung suspensions from the first mouse passage 
A number of freshly harvested allantoic flmds, infected with the egg-adapted 
Cam stram of virus, were titrated m eggs and m mice In those mstances m 
which the flmds were lethal for mice a suspension was prepared from the lungs 
of one of the pnimnlH and was then titrated m the same ways as the allantoic 
flmd The titrations were made as descnbed under “Methods ” The results 

of representative tests are shown m table 1 cor 

It IS evident that the nuce moculated with the higher concentrations ot o 
the 4 allantoic flmds died withm from 2 to 8 days, and that, m general, there was 
a correlation between the lethal effect, as detennmed by the mtranasal mocuia- 
tion of mice, and the virus content, as measmed by egg-mfectious titer ^ 
example, flmd from egg passage no 33 had an egg titer of 10"^ ” and kiUed - 
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3 mice inoculated with the 1 10 dilution, iihereas flmd from egg passage no 21 
had an egg titer of only 10~* ® and failed to loll mice when moculated undiluted 
With the two other flmds both the egg-infectious titers (10“® ® and 10~^ and 
the capacities to kdl nuce (12 5 dilution) were mtermediate between those 
values It also is evident (table 1) that the mice moculated with the lung sus- 
pensions survived without any evidence of lung mvolvement The lungs, from 
w'hich the suspensions were prepared, were removed from the animals soon after 
death, they were completely consohdated and did not differ, macroscopicaUy, 
from the lungs of nuce dead from infection with mouse-adapted influenza virus 
However, as shown m table 1, the lungs contamed relatively low concentrations 
of virus as determmed by egg-infectious titer (10~‘ “ to 10~* *) , also, it should be 
noted that the highest concentration of lung suspension tested was a 1 10 dilu- 
tion (10 per cent suspension) Therefore, if the egg-mfectious virus particles 
were the lethal agents, the lung suspensions could not have been expected to have 
killed the mice unless those particles had acquired the properties that character- 
ize mouse-adapted strains 

Whether the virus present m the mouse lung was the unaltered egg-adapted 
VITUS or a variant of that virus is not evident from the data However, it is 
evident that the total amount of egg-infectious virus present m the lung was con- 
siderably less than the amount that h ad been administered to the animal, smce, 
m each instance, the titer of the lung was approximately one one-thousandth the 
titer of the moculated flmd This mdicates that there had been httle if any 
multiphcation of the majority of the moculated particles, and suggests that the 
virus that multiphed m the mouse lung was a variant of the ongmal egg-adapted 
virus 

Assoctaiton of the lethal effect with the virus The general correlation of the egg- 
infectious titer with the lethal capacity, which was evident (table 1) m tests with 
the allantoic flmds, mdicated that those two properties were closely associated 
Additional evidence that the virus was responsible for the lethal effect was fur- 
mshed by experiments which showed that the lethal agent was adsorbed to and 
eluted from erythrocytes along with the hemagglutinins Also, the lethal agent 
was destroyed by heat (30 min utes at 55 C) and was neutrahzed by high dilu- 
tions of specific munime serum but not by the same dilutions of normal, or of 
anti-influenza B, serum 

The possibihty that the lethal effect was due to an agent, present m the eggs, 
that was activated by senal passage was controlled by the foUowmg experiment 
Sterile infusion broth, containing pemcilhn, was used for the ongmal moculations 
and 5 egg-to-egg passages were made by the same methods as were used for pas- 
sage of the virus The allantoic flmds from each harvest were mtroduced mtra- 
nasaUy mto mice, but m no case did those flmds produce detectable limg lesions 
m the test animals 

The present data, therefore, mdicate that the deaths that occurred when the 
allantoic flmds were mtroduced mto mice by the mtranasal route were due to the 
egg-adapted Cam stram of virus, but that there was httle, if any, multiphcation 
of that virus m the mouse lung It is a well-estabhshed fact that many strains 
of influenza virus can produce pathological lesions m tissues, other than lung. 
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that do not ordmanly support the growth of those viruses This has been dem 
onstrated by Henle and Henle (1946o,6) by intracerebral, intrapentoneal, and 
intravenous inoculation of mice, by Hale and McKee (1945) by intracerebral 
moculation of mice, and by Evans and Eickard (1945) by inoculation on the 
cornea of the rabbit The phenomenon descnbed m this paper would seem to be 
a pulmonary manifestation of a similar property possessed by the egg-adapted 
Cam stram of virus 

Adaptation of the Cam strain of virus to mice by serial passage In view of the 
results obtained with the first-passage lungs it was of mterest to follow the egg 
infectious and mouse-mortahty titers of the subsequent passage materials during 
the adaptation of the virus to mice Adaptation to that host was accomphshed 
by the usual methods Allantoic fluid of the sixteenth egg passage was used as 


TABLE 2 

Comparison of the infectious titers for eggs with the mortality titers for mice at different passages 
during adaptation of the Cam virus to mice 


TITES AT PASSAGE NUIIBEX 


ilETHOD OS TITRATION 



0* 1 

1 , 

1 

1 ^ 1 

4 

1 ^ 

1 ® 

1 

1 

Eggs 

Mice 


10-1 5 

ot 


IB 

B3 




10 -' ‘ 
10 -“ 


* Allantoic fluid starting material 

t All mice survived, 10 per cent suspension was highest concentration tested 


startmg matenal, and passage was made at 3- or 4-day intervals by the intra 
nasal moculation of 0 08 ml of 10 per cent lung suspension, prepared m distilled 
water The matenal for each of the first 6 passages represented the pooled lungs 
of 3 mice, the matenal for each subsequent passage represented the lungs of 1 
mouse The ongmal allantoic fluid and a number of the lung preparations were 
titrated m eggs and m mice The results are recorded in table 2 

Tn direct contrast to the allantoic fluids (table 1), the lung preparations (table 
2) showed a complete lack of correlation between the infectious titers for eggs 
and the mortality titers for mice For example, the lung preparation of 
no 2, which was nonlethal for mice, had the same egg-mfectious titer (10 ) as 

did passage no 45, which had a mouse mortahty titer of 10"® ’ This observa 
tion agrees with those of Hirst (1947), who reported that maximum mfiueoza 
virus multiphcation can occur m the mouse without any gross evidence ol a 
pathological process However, the precipitous drop m egg-mfectious titer o 
the first-passage lungs, which regularly occurred wath the Cam strain, was n 
observed with any of the strams (Ala 41, Kil 41, NY 43) of influenza i vi 
studied by Hirst 

DISCUSSION 

The expenments reported m this paper show that allantoic fluids, 
with the egg-adapted Cam stram of virus, produced a fatal pneumonia 
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when introduced by the intranasal route, and indicate that the virus particles 
were the lethal agents The lungs of the animals that died did not differ m gross 
appearance from the lungs of nuce dead from infection with the mouse-adapted 
Cam strain of virus, but they did differ from the latter m their mabihty to pro- 
duce pulmonary lesions when passed to normal mice In this respect the phe- 
nomenon descnbed closely resembles the so-called to\ic reactions which have 
been shown to be produced by many strams of influenza virus when mtroduced 
into tissues which did not support the growth of those viruses (Henle and Henle, 
1946a, 6, Hale and McKee, 1945, Evans and Rickard, 1945) But, whereas, m 
the latter mstances, virus could not be propagated by senal passage of the sus- 
ceptible tissues, the Cam virus was readily propagated m the mouse lung, and on 
senal passage m that tissue developed a high degree of virulence for the host 
This does not mean, however, that the virus particles present m any of the lung 
preparations were identical, m all respects, with the virus particles present m 
the allantoic flmds There was an obvious difference m mouse virulence be- 
tween the egg-adapted and mouse-adapted viruses That fact, together with 
the low content of egg-infectious virus present m the first-passage lungs, suggests 
that any virus multiphcation that occurred m those lungs was due to a vanant 
of the egg-cultivated virus 


SUMMARY 

Mice inoculated mtranasally with allantoic flmds infected with the egg-adapted 
Cam stram of influenza A prime virus died on the third or fourth day with com- 
plete pulmonary consohdation, but suspensions of lungs obtamed from those 
anim als did not produce pulmonary lesions when mtroduced mto the lungs of 
normal mice The data mdicate that the virus particles were the lethal agents, 
but that only a small percentage of those particles multiphed m the lung tissue 
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While making a quantitative study of the metabohsm of sulfur by Penictlhwn 
chrysogenuvi Q176, wherem the only source of this element was morganic sulfate, 
it has been found that at least one-third of the organic sulfur is contamed in 
metabohtes that yield suKuric acid when treated with bromine water 
The Pemcillvwtn strain was grown in submerged culture in a modified Czapek- 
Dox medium (chemically defined) The 110-ml cultures were grown on a rotary 
shakmg machme for about 8 days When pemcilhn production reached a max- 
imum, the fermentation broth was separated from the mycehum by suction 
filtration Bromine oxidations were restneted to the broth 
Approximately 500 ml of the raw fermentation broth were put m a porcelain 
dish and slowly evaporated to 40 ml To this concentrated broth were added 
180 ml of a mixture of equal volumes of acetone and distilled water The aggre- 
gate was shaken well and allowed to stand at room temperature for 24 hours 
The flourhke precipitate formed was separated from the solution by ordmary 
filtration Tests for organic sulfur m the precipitate weie negative Solubility 
tests, employmg the components in the origmal medium and the acetone-water 
solvent system, showed rather clearly that the precipitate did not contain sul- 
fates However, unmetabohzed phosphates and lactose and, perhaps, related 
synthesized orgamc metabohtes contammg these compounds as a part of the 
molecule were present 

After the precipitate was removed, a small amount (2 ml) of concentrated 
hydrochlonc acid was added to the dilute acetone, raw broth solution Barium 
chloride (0 5 n) was added m shght excess The solution was heated to boihng 
and allowed to stand at room temperature for 48 hours The banum sulfate 
precipitate was collected on a piece of filter paper, employmg shght suction, and 
then igmted and weighed The suKur contained m the banum sulfate repre- 
sented that fraction of the suKur ongmally present that was not metabohzed 
by the orgamsm 

After removal of the morganic sulfur, a permanent excess of bro min e water 
was added, with shaking, to the acetone-treated and acidified broth The mix- 
ture was allowed to stand at room temperature for 24 hours Smee the solution 
was already acidic, additional hydrochlonc acid was not added Banum chlonde 
(0 5 n) was then added m shght excess, after which the solution was heated to 
boilmg and allowed to stand at room temperature for 48 hours The banum 
sulfate was collected, igmted, and weighed m the manner previously desenbed 
As a check on the specificity of the bromme oxidation, the broth from three 
cultures was combined m each of three different cases Only one quantitative de- 
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termination was made on each ahquot The amount of inorganic sulfur uas 
determined on one, the amount of morgamc plus bromme-oxidizable sulfur ivas 
obtained on another, and the total sulfur was determmed chrectly on the third 
Under these conditions, the bromme-oxidizable sulfur was obtamed without pnor 
removal of the morgamc fraction, but after the flourhke precipitate induced by 
dilute acetone had been removed The method employed m the bromine treat- 
ment was consistent with that aheady described By havmg found the value of 
moigamc sulfur m the first ahquot, the amount of bromme-ovidizable sulfur was 
calculated The values of the sulfur accounted for by the broinme oxidation \i ere 
of smailar magmtude, regardless of whether the fermentation broth had been 
altered by first removing the morgamc sulfate or treated directly with the bro- 
mine water 

Expressed m terms of the total sulfur originally present m the culture medium, 
an average of the values showed that 8 5 per cent of the sulfur was contained in 
compounds m the broth that gave nse to sulfate when treated with bromine 
This represented more than one-third of the total orgamc sulfur obtained by the 
complete oxidation method of Evans and St John (1944) 

The sulfur-contammg metabohtes that were attacked by bromme cannot be 
specifically designated Accordmg to Blumenthal and Clarke (1935), compounds 
such as cysteme, cystme, thiamine, biotm, and glutathione would not yield 

S 

suKate However, compounds such as ROC (the xanthogenic acids) and 

\ 

SH 

CH3NH2C = S (thioacetarmde) would be attacked , that is, (a) the compounds 
oxidized apparently contam sulfur m the form of sulfhydryl linked to a carbon 
atom to which nitrogen or oxygen is attached, or (b) the compounds oxidized 
may contam sulfur hnked to carbon by a double bond 
In the present expenmen ts, it is likely that compounds such as those mentioned 
above gave nse to sulfuric acid when treated with bromme water That such 
compounds exist m mold metabohsm has been indicated by Steinberg (1941) who, 
workmg with Aspergilliis mger, showed that a wide variety of orgamc sulfur- 
contammg compounds could be assimilated and utihzed Sulfur m certain com- 
pounds, such as thiourea, was not efficiently utihzed, whereas that in others, 
such as thioacetamide, was very effective m promotmg growth of the orgamsm 
Although the actual mechamsm of assimilation was not clear, the experimental 
evidence shows that many different sulfur-contaming compounds may exist 

durmg growth , 

It appears, therefore, that there are unrecognized forms of sulfur in compoun 
produced by biological systems The need for further study of the sulfur con- 
t aimng mtermediate compounds m mold and bactenal metabohsm is suggeo 
It is possible that the identification of these bromme-oxidizable compoimds wo 
throw hght on the many puzzhng physiological activities of the sulfbydiy 
disulfide groups 
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The imperfect yeasts are divided by Lodder (1934) mto two famihes, Rho- 
dotondaceae and Torulopsidaceae, distmguished by the occurrence of carotenoid 
pigments m the former Lodder employed a form of the Mohsch test to demon- 
strate the carotenoid nature of the pigments m Rhodotorulaceae This mvolved 
covenng a large mass of cells with an alcoholic potassium hydroxide solution and 
stormg m the dark for several days or even weeks After such treatment, Lod- 
der found well-defined carotenoid crystals under the microscope, which turned 
blue when treated with concentrated sulfunc acid Over a number of years, 
workmg with numerous cultures of several species of Rhodotorula, the wnters 
have had uniformly negative results with the foregomg procedure Mackinney 
(1940) observed that several species of Rhodotorula and Sporobolomyces resist 
prolonged boihng m alcohohc potassium hydroxide, without hberation of pig- 
ment and without apparent change m the cells under the microscope The 
pigments may be extracted, however, after careful hydrolysis of the cell mass 
with hydrochloric acid, with acetone, and are then readily transferred to petrol- 
eum ether 

Bonner, Sandoval, Tang, and Zechmeister (1946) extracted the pigment from 
Rhodotorula mutants with benzene by shakmg the cell suspension m a benzene- 
alcohohc potassium hydroxide mixture for 1 to 1 5 hours This procedure is 
readily apphcable m most cases, but with some species producmg a heavy muci- 
lagmous shme there is scarcely perceptible color m the benzene layer, and the 
treatment (mvolvmg vigorous mechamcal shakmg) has had no visible effect on 
the microscopic appearance of the cells 

The purpose of this note is to provide the yeast taxonomist with a simple, qmck 
procedure for detenmnmg the presence of carotenoid pigments m yeasts When 
the pigments have been brought mto solution, there are obviously many tests re- 
quired for rigorous proof of identity However, m the case of all Rhodotorula 
and Sporobolomyces species exammed, solubihty of the pigments m petroleum 
ether is virtually an adequate cntenon by itself, smce a large number of con- 
firmatory spectroscopic and chromatographic analyses have been made The 
conclusion can be reinforced, if the petroleum ether solution is not too dilute, by 
the test with concentrated sulfunc acid, and, of course, by such other methods 
and equipment as may be available 

The details of the simple test, which we found very useful for laboratory classes, 
are as follows Yeast growth on a heavily inoculated plate is removed with the 
end of a glass shde Care should be exercised to avoid removmg any of the agar 
substrate The yeast on the shde is transferred with the aid of a spatula to a 
small beaker, or test tube, and suspended evenly in 8 to 10 ml of 1 1 hydrochlonc 
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acid The mixture is heated to a boil and promptly cooled The purpose of 
the acid treatment is to break down the mucilagmous matenal usually surround 
mg the cells of the red yeasts and to make possible the subsequent extraction of 
carotenoid pigments from the ceh matenal The hydrochlonc acid treatment b 
the most cntical part of the procedure Overheating destroys the pigment, 
whereas underheating fails to give complete extraction There is some vanation 
between species with respect to the degree of heating necessary for proper break 
down of the cells In a few cases it may be necessary to prolong the heating 
somewhat, and m other cases to use temperatures of 80 or 90 C rather than boil 
mg 

When the contents of the tube have been cooled to room temperature, 10 to 
15 ml of acetone and 3 to 5 ml of petroleum ether^or benzene are added, and the 
mixture is shaken gently A 50-ml glass-stoppered Erlenmeyer flask or a small 
separatory furmel is most suitable, though a stoppered test tube may be used 
Water (15 to 20 ml) is then added to effect clear-cut separation of two phases 
If carotenoids are present, the upper (epiphasic) petroleum ether or benzene 
layer is colored Benzene has certam disadvantages as compared to petroleum 
ether, particularly if the sulfunc acid test is to be apphed, as it is appreciably 
miscible with water, which must of course be removed, and there is also a ten 
dency to form emulsions Whereas the few ml of petroleum ether can readily 
be evaporated under the hot water faucet, the benzene solution cannot be so 
easily handled It has, however, the advantage of bemg much less inflammable, 
and the test is m some respects more sensitive, smce carotenoid solutions in ben 
zene possess greater tmctonal power than correspondmg solutions m petroleum 
ether The difference between orange-red in petroleum ether and pmk, the color 
m benzene, is quite pronounced 

Confirmation of the presence of carotenoids m the surface layer may be ob 
tamed as follows The contents of the test tube or flask are poured mto a small 
separatory furmel, and the lower aqueous layer is discarded The petroleum 
ether or benzene layer is transferred to a dry test tube and suflacient anhydrous 
sodium sulfate is added (2 to 3 grams are usually adequate) to take up all dis- 
solved water The mixture is shaken gently and allowed to stand 1 to 2 minutes 
If necessary, the clear solution can be decanted mto another test tube, and the 
petroleum ether layer concentrated under the hot water tap, away from flames 
The solution is carefully poured on the surface of 1 to 2 ml concentrated sulfuric 
acid m a thud tube and a blue coloration will be observed This confirmato^ 
step may offer some diflSculty, especially m cases m which there is \ cry htt e 
pigment Interfermg solutes may color the sulfunc acid dark brown, and atypi- 
cal colors, reddish or purple, may also be obtamed These usually deve op 
more slowly If the ether layer is gently poured over the sulfunc acid, a dehni 
bluish tmt can be observed shortly after addition, at least near the mterface 
Larger quantities of yeast may be worked up when pigmentation is weiA 

The wnters have tned this extraction procedure on a large number of 
and vaneties of Rhadotorula, Sporobolomyces, Torulopsts, Pichia, and other ye^ 
producmg pmk, red, orange, or yellow pigments The test has always gi 
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positive results for cultures of Rhodotonda and Sporoholo)7iyces and negative for 
pigmented strains of Taphnna deformans, Toimlopsis pidchemma, Torulopsis 
Itpofera, Torulopsis luteola, Pichia, Zygosaccharomyces, and Pullulana The 
pigments of the latter group are noncarotenoid and frequently diffuse mto the 
medium 
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Although several previous workers (Bodily, 1938, McCoy, Higby, and Fred, 
1928, Sjolander and McCoy, 1937) have reported fixation of atmosphenc nitro- 
gen by several species of the genus Clostridium, this result is frequently not men- 

TABLE 1 


Fixation of isotopic nitrogen by species of Clostridium 


SPECIES 

IIANIEOLD 

ANAEROBIC JAR 

C aceticum 

0 102 , 0 184 , 0 137 

0 518 

C acetobutylicum 


0 015, 0 09 

C acidiurici 

0 00, 0 012 

000 

C beijerinckii 


0 60 

C butyricum 


0 063 , 0 165 , 0 612 

C butylicum 


0 564 

C felsineum 195 

3 22, 3 38 


C kluyverii 

0 302 


C lactoacetophilum 

1 16, 1 39 

0 518 

C madisoni 


0 059, 0 554 

C pasteunanum W5 

2 80, 4 97 

0 208, 2 38, 2 23, 1 08 

C pectinovorum 73 

2 46, 1 81 


C perfringens 


0 008,0 027,0 00 

C tetanomorphum 


0 245 

C sporogenes 


0 00 , 0 035 


All data in atom per cent N“ excess, gam necessary for sigmficance 0 05 Each datum 
IS from a separate experiment 


tioned in either texts or monographs Bergey’s sixth edition, for example, lists 
only Clostridium buiyncum and its subsidiary species, C pasteunanum, as mtro- 
gen fixers and gives this as a distinctive charactenstic of C pasteunanum Part 
of this apparent reluctance to accept abihty to fix nitrogen as bemg widespread 
m the genus anses from the fact that the quantity reported fixed by some of the 
species IS so small that unequivocal demonstration with the Kjeldahl techmque 
is difficult Difficulties depending on sensitivity and accuracy of analysis are 
readily resolved by using the isotope N*® to detect fixation (Burris, Epphng, 
Wahhn, and Wilson, 1943) Prehminary to a study of the mechamsm of fixa- 
tion by C pasteunanum we have tested 15 species of the Clostndium genus for 
the ability to fix free N 2 *® 

1 Supported m part by grants from the Rockefeller Foundation and from the Research 
Committee of the Graduate School from the funds supplied from the Wisconsin Alumni 
Research Foundation 
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Cultures were grown on a modified Wmogradski medium (20 g glucose, 1 g 
tryptone, 1 g agar, 2 g CaCOa per bter) , ethyl alcohol plus sodium acetate ser\ ed 
as the source of carbon for C kluyvem, unc acid as the source of both carbon and 
mtrogen for C acidiunci One ml of such stocks was added to 15 ml of a modi- 
fied Wmogradski N-free medium m which the tryptone was omitted and 1 ml 
of yeast water (1 mg N per ml) added per hter as a source of growth factor 
The cultures were placed m an atmosphere of N 2 enriched -with N“, mcubated 
for 6 days, and then analyzed for content of isotopic mtrogen Ongmally the 
excess of m the atmosphere was 6 2 per cent, but repeated recovery, purifica- 
tion, and reuse probably moderately diluted this concentration Some trials 
were made on the manifold apparatus descnbed by Burns et al (1943), others in 
test tubes kept m a Brewer anaerobic jar In each tnal C pasteunanum was 
mcluded as a positive control As can be seen from the data m table 1 only 3 of 
the 15 species tested failed consistently to fix N 2 Possibly the three negative 
ones, (7 sporogenes,C perfnngens,a,ndC ocidzunci were unable to grow in the sun- 
pie medium used to test for fixation The first two are known to have complex 
nutntional requirements and the third must be supphed punnes for both carbon 
and mtrogen (Barker and Beck, 1942) This nutntional factor may also be 
responsible for the apparent poor fixation noted m some of the species, for ex- 
ample, C acetdbvtyltcum 
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In the earher hterature (Hobby, Meyer, and Chaffee, 1942) it has been re- 
corded that penicillin acted on bactenal cells -without being absorbed or adsorbed 
by them In these studies the bactenal concentrations used were so small that 
a pemcilhn uptake of a few thousand molecules per cell would not have been 
detected Recently, Pasynskii and Kastorskaya (1947) have reported that a 
culture of Staphylococcus aureus concentrated 500 tunes and mcubated for 18 
hours at 37 C with 0 8 to 1 0 umt per ml of pemcillm adsorbed an amount of pen- 
icilhn calculated as 1 5 X 10^ times the wet weight of the bactena This would 
be eqmvalent to 1,000 molecules of pemcillm per bactenal cell On the other 
hand, Rowley et al (1948), who used radioactive pemcillm m order to be able to 
detect small amounts of pemciUm, reported that less than 10 molecules of pem- 
cilhn were taken up per cell by S aureus In then e-qienments the cells were 
washed after bemg equihbrated with pemcillm and could have lost reversibly 
absorbed pemcillm The purpose of the experiments reported here was to de- 
termme the manner m which pemcillm is taken up by pemcdhn-sensitive S 
aureus cells 

If to a bactenal ceU paste a pemcillm solution is added, the volume of which 
13 equal to the volume of the total water m the cells, the proportion of the ongmal 
pemcillm remaining m the supernatant solution will depend on the behaiaor of 
the cells toward pemcillm If no pemcilhn is destroyed or absorbed by the cell, 
the extracellular pemcillm concentration will xemam unchanged If adsorption 
takes place, any proportion of the pemcillm may be adsorbed, but at low pemcil- 
hn concentrations the amount adsorbed should be proportional to the concen- 
tration, whereas at sufficiently high concentrations saturation of the adsorbmg 
surfaces should occur If the pemcilhn is not adsorbed, but penetrates the cell 
wall and distributes itself between the mtracellular and extracellular water, 
the pemcilhn concentration m the supernatant will faU to half its ongmal value 
regardless of the pemcilhn concentration If pemcilhn mactivation by a stoi- 
chiometnc reaction takes place, the amount of pemcilhn mactivated should be 
constant and mdependent of time or penic illin concentration If catal 3 d;ic m- 
activation occurs, the amount of pemcilhn destroyed should mcrease with time 

The first senes of experiments conducted were limited to cell suspensions and 
pemcilhn solutions of concentrations such that the detection of pemcillm by 

* Published mth the approval of the Director of the Wisconsin Agricultural E-qierinient 
Station This paper is based upon work sponsored in part by the Biological Division, 
Chemical Corps, Camp Detrick, Frederick, Maryland, under contract no W-18-064-CM-210 
with the University of Wisconsin 
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biological assay methods was possible In the second senes of evpenmeats 
pemcilhn m which the sulfur was replaced by radioactive S“ of high specific 
activity was employed, which made possible the detection of very small concen- 
trations of pemcilhn both m the cells and m the liquid surrounding them 

METHODS 

Experiments involving nonradioactive penicillin The pemcilhn m all e\peri 
ments was pure penicillin G sodium salt dissolved m pH 6 1 phosphate buffer 
Co mm ercial bakers’ yeast was used as a source of cells for experiments uith 
Saccharomyces cerevisiae 

Cells for experiments with Slaphylococcus aureus (strains 209P and H) were 
grown m aerated culture m S-gallon bottles on a glucose, peptone, yeast extract, 
beef extract medium Ten liters of medium were inoculated inth 100 ml of a 
24-hour broth culture Growth was allowed to proceed for 16 to 18 hours before 
the cells were harvested m a Sharpies centrifuge Cells thus harvested averaged 
81 per cent water and had a specific gravity of 1 12 The cells were weighed, and 
a volume of phosphate buffer was added equal to the volume of the cells as deter- 
mmed from their weight and specific gravity Pemcilhn m varying concentra- 
tions was added to 10-ml samples of this suspension m test tubes and mixed inth 
the cells, after mcubation the tubes were centrifuged and the supernatant i\as 
removed and analyzed 

The standard cup-plate assay was used for the analysis of the supernatant 
solutions S aureus H was the test orgamsm for most of the analyses mvolving 
pemcilhn concentrations greater than 1 imit per ml An assay (Burke, 1947) 
employing Sarcina lutea as the test organism was used for analyses from 0 025 
umts per ml, the lowest linut of sensitivity, to approximately 1 unit per ml 
The results obtamed with the two assays checked closely 

Experiments involving radioactive penicillin The fermentation for the pro 
duction of radioactive pemcilhn was conducted accordmg to the method of 
Smgh and Johnson (1948) Approximately 8 miUicunes of carrier free S** as 
sulfuric acid were added to the synthetic medium before stenlization The 
sulfur content of the medium was reduced to 212 pg per ml to mcrease the relative 
specific activity of the Pemcdlm G precursor, m the form of sodium phenyl- 
acetate, was added at 12-hour mtervals dunng the course of the fermentation 
Radioactive pemcilhn was extracted from the fermentation mixture at pH 2 \snt 
ether The ether solution was then extracted with 2 per cent K2HPO4 -f 
phosphate extract contained 1,088 umts per ml of penicillm, shown by filter paper 
chromatography to be 90 to 95 per cent pemcilhn G, which had a relative speci ic 
activity of 3,700 observed counts per minute per unit of penicillm Smet tbe 
specific activity of the sulfur m the medium was known, it could be calculate 
that a TnaviTnnm of 8 per cent of the radioactivity of the final extract was not uc 
to the pemcilhn present 

Determmatious of the radioactivity of samples from the fermentation u 
made duectly on 0 2-ml portions of solution evaporated to dryness on ^a^ tov 
shps Corrections were made m the counts for resolution time of the coun 
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tube, foi background, and for radioactive decay when it was necessary to com- 
paie samples counted several days apart 

To compare deteiminations of radioactive penicillm m cells of S aureus and 
surroundmg solutions, however, it was necessary to reduce all samples to um- 
fornuty of composition and size For this purpose, the samples were oxidized by 
stiong alkahne fusion (Bailey, 1937) Sulfur was precipitated as barium sulfate 
m centrifuge tubes ivith bottoms formed by detachable flat celluloid disks 
(Maass, Larson, and Gordon, 1949) After centrifugation and washing, the 
precipitates on the disks were diied, weighed, and counted Correction for 
counts absorbed by the sample was necessary here, m addition to the corrections 
mentioned above, since the sample was no longer infinitely small 

RESULTS 

The results obtamed when (S cerevisiae cells aie mcubated at pH 6 1 with equal 
volumes of buffer containing varymg concentrations of pemcilhn are shown m 
figure 1 No significant change m the pemcilhn concentration m the buffer after 
eqmhbration may be observed, and therefore no adsorption of pemcillm on the 
cells or penetration of the cells occurred This was true whether the cells were 
centrifuged immediately after mixmg with the buffer, or after 1 hour of equihbra- 
tion It may be concluded that one reason this yeast is not pemcilhn-sensitive 
IS that the pemcilhn cannot penetrate the cell wall, and hence can have no effect 

The results obtamed from similar experiments m which S aureus H cells were 
eqmhbrated with pemcilhn solutions are summarized in figure 2 The pemcilhn 
concentration m the supernatant buffer is plotted logarithmically against the con- 
centration m the cells, as measured by the amount of pemcilhn that has dis- 
appeared from the buffer The data extend from buffer pemcilhn concentrations 
of 0 1 umts per ml to 10,000 umts per ml and are consistent with the hypothesis 
that two types of uptake occur first, a specific uptake of approximately 0 8 units 
per ml that is constant and independent of the extracellular pemcilhn concen- 
tration and, second, a simple diffusion of pemciUm mto the cell so that the mtra- 
cellular water has the same pemcilhn concentration as the extracellular water 
The sohd curve of figure 1, calculated on these assumptions, agrees well with the 
experimental data 

At higher concentrations of extracellular and mtracellular pemcillm, the ratio 
between extracellular and mtracellular pemcilhn concentrations does not change 
For every umt outside the cells there are about 0 8 umts mside the cells This 
would mdicate that the pemcilhn equihbrates with all of the mtracellular water, 
smce, with these preparations, 1 ml of cells contamed on the average 0 79 ml of 
water If this uptake were due to adsorption on cell substance, mstead of eqmh- 
bration with mtracellular water, it would scarcely be expected that complete 
eqmhbration with 10,000 umts per ml, a 0 6 per cent pemcilhn solution, would 
occur without some evidence of saturation of the adsorbmg surface 

If the experiments aie extended to very low extracellular pemcillm concen- 
trations, m the neighborhood of 0 8 umts per ml, complete uptake of the pemcillm 
is observed Due to natural variations m each batch of cells produced, and to 




Figure 2 Penicillin uptake by cells of S aureus H The plotted points were expcri 
mentally determined, the sobd curve was calculated assuming equal concentration of 
penicillin in intracellular and extracellular water plus specific uptake of 0 8 units per ml of 
cells 
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assay errors, precisely 0 8 units per ml of pemciUm do not always disappear from 
the supernatant m addition to the pemcillin diffusing mto the mtracellular water 
Expenments usmg cells of S aureus 209P as well as S aureus H m which pemcillin 
was completely removed from the buffer solution are summarized m table 1 

The data of table 2 show that the specific uptake is not due to pemcilhn destruc- 
tion by traces of pemcilhnase Pemcilhn uptake is seen to be mdependent of the 
time of eqmhbration, which would not be true if an active pemcilhnase were 
present 

In order to determme whether bactenal cells resistant to pemcilhn would 
behave differently from sensitive cells with respect to pemcilhn uptake, a stram 


TABLE 1 

Total removal of pemcillin from buffer 


NO OP EXPEBDfEKTS 

PENTOLLD, IN BUPIE^ 

Before equilibration 

\ftcr equilibration 


u/ml 

u/ml 

jS aureus H 



1 

0 098 

<0 025 

6 

0 187 

<0 025 

1 

0 192 

<0 025 

3 

0 367 

<0 025 

1 

0 455 

<0 025 

2 

0 90 

<0 025 

1 

0 98 

<0 025 

S aureus 209P 



1 

0 1 

<0 025 

1 

0 196 

<0 025 

3 

0 385 

<0 025 

1 

0 91 

<0 025 

1 

0 983 

<0 025 

1 

1 07 

1 

<0 025 


of S aureus 209P, resistant to 120 umts per ml of pemcilhn, was tested m equih- 
bration expenments similar to those descnbed above Inconclusive results were 
obtamed Resistant cells would at tunes lose the abihty to absorb penic illin 
specifically, but would still permit the diffusion of penic illin mto the intracellular 
water Other data showed httle or no difference between sensitive and resistant 
cells These expenments were abandoned, therefore, m order to follow m 
greater detail the question of specific uptake of pemcillm with the aid of radio- 
active pemcillin 

Expenments equihbratmg cells wnth radioactive penic illin were conducted for 
the most part imder conditions similar to those with ordmary pemcilhn A 
specific uptake was demonstrated that could now be easily detected by analyses 
of the cells themselves A comparison of results obtamed by radioactivity 
deter min ations and biological assay methods is presented m table 3 The two 
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methods give results comparable m magnitude, but the radioactmty data 
because of the greater accuracy of the method, are more consistent 
The fir^ess with which pemcilhn is apparently bound to elements intbin the 
cell was demonstrated in two ways The first type of experiment is illustrated 
m table 4 Cells of S aureus 209P were equihbrated with vanous concentrations 
of ladioactive pemcilhn and then washed three to five times mth volumes ot 


TABLE 2 

Effect of time on pentctlltn uptake [S aureus H) 


XQUUlBiATlON HUE 

PEMldtLTO m SUPEUIATANT 

Experiment 1 

Eipemnent 2 

hr 

u/ml 

ulml 

0* 

0 44 ' 

0 43 

1 

0 35 

0 45 

3 

0 43 

0 44 


Cells were mixed with an equal volume of buffer containing 1 63 units of penicillin per 
ml 

* Celia centrifuged immediately after mixing 


TABLE 3 


Comparison of radioactive and biological determinations of pentctlltn uptake 


PEKICiLXm ADDED TO CELt 
SUSPENSION 

SPECmC UPTAXE OP PENlOIilN 

By radioactivity determinatioos 
on cells 

By S h(ea assay of superuataiit* 

u/ml 

sf/ml 

ujml 

1 08 

0 66 

0 77 

1 08 

0 62 

0 52 

2 16 

0 77 

1 08 

2 16 

0 73 


1 0 

0 71 

0 95 

1 0 

0 71 

0 65 


Ten ml of cells and 10 ml of buffer were equilibrated 10 minutes with varying amounts 
of radioactive penicillin Cells were washed 3 times after equilibration 

* Calculated from assay of supernatant by difference by assuming concentration of 
penicillin in intracellular water is equal to concentration in supernatant 

buffer equal to the cell volume, or xvasbed twice with volumes of buffer greatly 
exceedmg the cell volume None of these washmg procedures caused any signm- 
caut decrease m the amount of pemcillm specifically taken up and firmly boun 

by the cell _ , 

In the second type of expenment, which is illustrated m table 5, an attemp 
was made to dissociate the firmly bound pemcilhn from the cells For t us 
purpose, cells treated with radioactive pemcilhn and washed according to one o 
the procedures hsted m table 4 were incubated for 10 to 30 mmutes with a solution 
of nonradioactive penicilim containmg 10,000 units per ml Controls ucf- 
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incubated under the same conditions with buffer solution replacmg the concen- 
trated penicillm solution If the bound penicilhn were in equilibrium with free 
pemcilhn within the cell it should have been replaced to some extent by non- 
radioactive pemcilhn A compaiison of control samples with those treated with 

TABLE 4 


Effect of extensive washing on the binding of ‘penicillin in the eell 


RADIOACTIVE 
PENICILLIN ADDED TO 
EXTRACELLULAR 
WATER 

NO OF WASHES 

VOLUME OP EACH 
WASH* 

RADIOACTIVE PENICILLIN BOUND TO CELLS 

Before washing (calcu 
iatcd)t 

After washing (analy 
ses of cells) 

ufml 




u/m{ 

1 08 

3 

1 


0 66 

1 08 

3 

1 


0 62 

2 16 

3 

1 

0 77 

0 73 

2 16 

3 

1 

0 71 

0 73 

1 0 

5 

1 

0 70 

0 71 

1 0 

5 

1 

0 82 

0 71 

1 3 

2 

39 

0 75 

0 91 

1 3 

2 

19 

1 78 

0 84 

5 2 

2 

9 

1 04 

0 93 


* Expressed as the ratio of the volume of liquid to the volume of cells 
t Difference between total penicillin in cell suspension and penicillin in the extra- and 
intracellular liquid 


TABLE 5 

Effect of equilibrating cells containing radioactive penicillin with high concentrations 

of nonradioactive penicillin 


RADIOACTIVE 
penicillin ADDED TO 
EXTRACELLULAR 
WATER 

INCUBATION 

TIME 

INCUBATING SOLUTIONS* 

RADIOACTIVE PENICILLIN BOUND TO CELLS 

.. 

Before incubation 
with nonradioactive 
penicillin 

After incubation 
with nonradioactive 
penicillm 

ulml 



ulml 

u/mf 

1 0 


Buffer control 

0 49 


1 0 


Penicillin 

0 45 

0 41 

1 3 


Buffer control 

0 91 

0 84 

1 3 


Penicillin 

0 95 

0 84 

1 3 

30 

Buffer control 

0 84 

0 83 

1 3 

30 

Penicillin 

0 88 

1 0 

5 2 

30 

Buffer control 

0 93 

0 88 

5 2 

30 

Penicillin 

1 0 

0 95 


* Cells were washed according to one of the procedures in table 4, then incubated in 
buffer or in 10,000 u per ml of penicillin in amounts approximately equal to the cell volume 


concentrated pemcilhn demonstrates that no radioactive pemcilhn has been 
detached from the cells 

This specific bmding of pemcilhn is small compared to the mass of cells 
Calculations show that 750 molecules of pemcilhn are absorbed per bacterial cell 
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These calculations are based on direct cell counts that indicate that 1 ml ot cell 
paste contains an average of 1 1 X 10“ cells of S aureus and specifically absorbs 
an average of 0 8 units of penicillm 

Pasynskii and Kastorskaya (1947) calculated from their results that one bac 
tenal cell absorbed 1,000 molecules of pemcillm Smce the cells were not washed 
after eqmlibration with pemcillm, the uptake measured mcludes penicillm present 
m the mtracellular water On the assumption that their cells were similar in 
size and specific gravity to the cells used m the present mvestigation, it may bo 
calculated that approximately 300 pemcilhn molecules per cell were specifically 
absorbed If the assumption is made that pemcilhn acts to block some enzymatic 
process m the cell essential for growth, it is easily possible that a small amoimt of 
pemcfilm may be effective m kilhng the cell Whether this bound pemcillm is 
actually responsible for the bactericidal activity of the antibiotic has not been 
determmed It is entirely possible that the observed uptake is due to a mecha 
msm unconnected with the antibiotic activity of pemcillm 


SUMMARY 

Yeast cells equihbrated with equal volumes of pemcilhn G solutions of varying 
concentrations do not adsorb pemciUm, nor does pemcilhn penetrate the cell nail 
"When Staphylococcus aureus cells are similarly equihbrated, two types of up 
take occur (1) a specific uptake of 0 8 units per ml that is independent of the 
extracellular pemcilhn concentration, and (2) a diffusion of penicillin mto the cell 
so that the mtracellular water has the same pemcilhn concentration as the 
extracellular water Uptake is mdependent of the time of eqmlibration 
Radioactive pemcilhn of high specific activity was employed to demonstrate 
the firmness with which the pemcilhn specifically absorbed is bound Neither 
extensive wa shin g nor eqmhbration with solutions of nonradioactive pemcilhn 
containmg 10,000 umts per ml released bound radioactive penicillin from the 
bactenal cells 

Calculations showed that 750 molecules of pemcilhn per bacterial cell i\ere 
specifically absorbed 
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The phosphorolytic breakdown of sucrose was discovered several years ago by 
three groups of investigators working independently with two unrelated genera of 
bacteria This mechanism was first described m Leuconosioc mesenteroides by 
Kagan, Latker, and Zfasman (1942) Without knowledge of this discovery 
Doudoroff, Kaplan, and Hassid (1942) found the same reaction m Pseudomonas 
saccharopJula It is mterestmg to record that before a published report of either 
findin g was available, Gunsalus and Umbreit at Cornell Umversity had also 
independently discovered the phosphorolysis of sucrose m Leuconosioc (private 
communication) Although a number of studies on the “sucrose phosphorylase” 
of P saccharophila have been published (Doudoroff, Barker, and Hassid, 1947) 
and although a fairly mtensive search has been made for similar enzymes m other 
bacteria and m green plants, no report of the occurrence of the enzyme m any but 
the two bactenal species m which it bad been ongmally described has appeared 
to date 

It seems, therefore, of mterest to report that sucrose phosphorylase is found 
as an adaptive enzyme m Pseudomonas putrefaciens, a species that does not appear 
to be closely related to its congener, P saccharophila In addition to “sucrose 
phosphorylase,” dry cell preparations of P puirefamens have been shown to con- 
tam the enzymes phosphoglucomutase and phosphohexoisomerase Although 
the virtual absence of these enzymes m dry cell preparations of P saccharophila 
had greatly facihtated the elucidation of the mechanism of phosphorolysis, the 
demonstration of their presence m P putrefaciens establishes the expected link 
between the mitial step of sucrose breakdown and the well-known steps of 
glycolytic degradation 


MATERIALS AND METHODS 

Pseudomonas putrefaciens was selected for these studies because of reports that 
under certam conditions this organism can grow more rapidly and produce more 
acid m media with sucrose than with glucose Unlike P saccharophila, this 
bacterium has rather strong proteolytic powers, grows much more rapidly m rich 
complex media than with a single simple carbon somce, and is mcapable of 
autotrophic development usmg the oxidation of hydrogen as its source of energy 
A synthetic medium previously descnbed for the growth of P saccharophila 

1 This work vas supported in part by a grant from the Sugar Research Foundation 
“ Fellow of the Belgian-American Educational Foundation Present address Uni- 
versity of Brussels 
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and containing sucrose as the sole carbon source was used for the cultivation of 
the organisms, and dry cell preparations were made by drymg m vacuum o\er 
P2O5 

Reducmg sugars, fructose, and sucrose were determined by methods prevjoutl} 
described (Doudoroff, Kaplan, and Hassid, 1942), whereas phosphoric esters i\ ere 
identified and quantitatively estimated accordmg to the procedures recommended 
by Umbreit, Burns, and Stauffer (1945) 

The analyses of phosphate esters m mixture were checked by comparison of the 
reducmg values obtamed with hypoiodite and with ferricyanide, and by the rates 
of hydrolysis with acid To determme free fructose, the phosphoric esters nere 
removed by passmg the solution through ion exchange columns, and total fructose 
and total sucrose were estimated m the effluent The value for free fmctose a as 
then obtamed by subtractmg the value for fructose contamed m sucrose from the 
total amount of fructose 


EXPERIMENTAL RESULTS 

Resting cell suspensions of P -putrefaciens grown ivith sucrose behaved ver} 
much like those of P saccharophtla In a Warburg respirometer the bacteria 
exhibited a much greater rate of oxygen uptake with sucrose than wth glucorf, 
fructose, or mvert sugar as substrate The folio wmg rates of respiration ivere 
observed m a typical experiment 

Endogenous respiration 4 mm’ per 5 minutes 
0 01 M sucrose 27 mm’ per 5 minutes 
0 02 M glucose 6 mm’ per 5 minutes 
0 02 M fructose 5 mm’ per 5 minutes 
0 01 II glucose + 0 01 SI fructose 6 mm’ per 5 minutes 

Dry cell preparations possessed practically no fermentative power but showed a 
rapid esterification of morgamc phosphate when sucrose was added as substrate 
No esterification could be detected m the presence of glucose, fructose, invert 
sugar, or maltose 

To determme the nature of the products a 3 per cent dry cell preparation was 
meubated with 0 14 m sucrose m 0 06 11 Sorensen phosphate buffer at pH G 8 for 
210 mmutes at 30 C The pH was readjusted to its mitial value several times 
durmg mcubation by the addition of small amounts of KOH The data obtainc 
from analyses made before and after mcubation and corrected for values obtained 
m a control without substrate, are presented m table 1 The barium-insolu c 
fraction other than fructose diphosphate was not identified 

When glucose-1 -phosphate was added to dry cell preparations, it was rapidlj 
converted to glucose-6-phosphate and fructose-6-phosphate The addition 0 
fluonde, which is known to inhibit phosphoglucomutase activity, rctarde t m 
conversion With sucrose as substrate, the addition of m/20 fluoride cau-c a 
considerable accumulation of glucose-l-phosphate The addition of lodoace 
and fluonde did not matenaUy affect the rate of phosphate esterification 
almost completely prev ented the formation of fructose diphosphate 
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After prolonged storage of the dry cells at icebox temperature, it was found 
that glucose-l-phosphate accumulated as the prmcipal product durmg the decom- 
position of sucrose even m the absence of fluoride (see table 2) This mdicated 
that phosphoglucomutase was not stable under these conditions That this was 
actually the case was demonstrated m experiments m which the rate of conversion 


TABLE 1 

Products of sucrose deeomposthon by dry cell preparation 


Free fructose produced in excess of glucose 

40 5/i 

moles per ml 

Total P estenfied 

41 5 

(C it H 

Barmm-insoluble P recovered 

3 6 

it a t( 

(Fructose diphosphate 

0 4 

t( ti It 

(Umdentified Ba-insoluble P 

3 2 

tt f( ft 

Barium soluble P recovered 

36 6 

tt ti ti 

(Glucose-l-phosphate 

7 6 

(( It tt 

(Gluoose-6-phosphate 

19 5 

tt tt tt 

(Fructose 6 phosphate 

9 5 

tt tt tt 


TABLE 2 


Conversion of various substrates by fresh and old bacterial preparations* 


SUBSTBATE 

PRODUCT 

n MOLES PEB ML (±0 S) 

Fresh preparation 

Old preparation 

fO 25 M sucrose 1 
\o 1 M phosphate/ 


Glucose-l-phosphate 

1^ Glucose 6 phosphate j 

1 

(Fructose 6-phosphate^ 


9 1 

31 7 

22 2 

16 1 

0 04 M glucose-l-phosphate 


^Glucose-6-phosphate ^ 
(Pructose-6-phosphateJ 


19 5 

6 0 

0 04 M glucose 6-phosphate 

1 Fructose 6~phosphate j 

12 2 

1 

12 0 


* The mixtures ere incubated at 30 C with the initial pH adjusted to 7 0 All bacterial 
preparations initially contained, besides the added substrates, 0 007 m phosphate Incuba- 
tion was for 160 minutes in experiments with sucrose, for 50 nunutes in those with hexose 
phosphates as substrates All data were obtained with a single batch of dry cells that had 
been kept in the icebox for 7 days and for 45 days for comparison of “fresh” and “old” 
preparations, respectively 

of glucose-1 -phosphate to other esters was measured After storage m the ice- 
box, the dry cells were foimd to lose most of their phosphoglucomutase activity, 
while phosphorylase activity remamed virtually unimpaired Phosphohexo- 
isomerase was present m both fresh and old preparations m sufficient amount to 
bring about almost complete equilibration of the catalyzed reaction under the 
conditions of the experiment 

Cultures of P putrefaciens grown on ordinary bacteriological nutrient broth 
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and on a ^thetic medium with maltose as the sole carbon source possessed no 
sucrose phosphorylase Nor was any phosphorolytic breakdown of malt(ke 
observed with maltose-grown cells 


DISCUSSION 

The demonstration of a sucrose phosphorylase, phosphoglucomutase and 
phosphohexoisomerase m dry ceU preparations of P pulrefaciens helps to eluci 
date the metaboho pathway by which the glucose portion of sucrose is utilized 
by the organism This may be summarized as follows 

Sucrose + phosphate <-> glucose-l-phosphate -f- fructose 

glucose-6-phosphate 

I 

fructose-6-phosphate 

This scheme is similar to that which has beeu postulated for the breakdown of 
maltose by Eschenchta coh (Monod and Tornam, 1948, Doudoroff el al , 1949) 
and which appears to mvolve the followmg steps 

Maltose polysacchande + glucose 

t 

glucose-l-phosphate 

I 

glucose-6-phospliate 

t 

fructose-6-pliosphate 

It is mterestmg to note that, m both cases, the enzymes mvolved in the initial 
decompositions of the disacchande are “transglucosidases,” since both sucroao 
phosphorylase and “amylomaltase” have been shown to catalyze the transfer of 
glucose moieties 

As m the case of sucrose breakdown by P saccharophila and of maltoso de- 
composition by a mutant stram of E coh that can use maltose but not glucose, 
the reactions foimd m P pulrefaciens fail to explam the contrast between the 
rapid utilization of the entire molecule of the disacchande on the one hand and 
the very poor utihzation of free hexose on the other This problem has been dia- 
cussed elsewhere (Doudoroff el al , 1949) and still demands an answer The 
adaptive nature of the “sucrose phosphorylase" in P. pulrefaciens and the ea-o 
with which the accompanymg enzymes can be demonstrated make this organuai 
an excellent subject for the study of adaptive enzyme formation Such studies 
are now m progress m our laboratones 

SUiUIABY 

Pseudomonas puirefaciens can be adapted to utihze sucrose at a much greater 
rate than the constituent hexoses Three components of the enzyme system 
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involved in sucrose dreakdown are a “sucrose phosphorylase,” phosphoglu- 
comutase, and pliospliohevoisoinerase Phosphoglucomutase activity gradually 
decreases upon storage of the dry cells at icebov temperature, but the other 
enzymes are relatively stable 
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Since 1945, when the first encouraging reports on streptomycin appeared, 
improvements m its production by fermentation have been primarily medium im- 
provements Rake and Donovick (1946) have shown the value of a soybean 
meal medium A yeast extract and salts medium has been developed by LePage 
and Campbell (1946) for greater ease of extraction Synthetic media have been 
developed (Thomberry and Anderson, 1948), and the specific stimulation of 
growth and streptomycm production by various organic mtrogen sources have 
been measured (Eiser and McFarlane, 1948, Dulaney, 1948) Reports on stram 
improvements, however, have been very scanty Waksman et al (1946) have 
been unable to detect any improvement m various streptomycm-producmg 
strains of Streptomyces gnseus as a result of natural variation 

The successful use of the mutagemc ultraviolets and X-rays for producmg 
superior penicilhn-producmg strains (Demerec, 1945, Johnson et al , 1946, 
Galley et al , 1946) inspired the application of similar techniques to stram im- 
provement in the streptomycin fermentation During the past three years 
shghtly more than 3,700 isolates of Streptomyces gnseus have been screened, 
foUowmg irradiation with either ultraviolet hght or X-rays It is the purpose 
of this paper to report the results of this screenmg program 

MATERIAi AND METHODS 

The stram of S gnseus used as a parent m this entire study was the Waksman 
no 4 stram obtamed from Dr Selman A Waksman m late 1944 This, accordmg 
to Waksman et al (1948), has been assigned the Rutgers culture collection number 
3496 

S gnseus, stram 3496, was immediately plated out by Dr Alma Whiffen of 
these laboratories Several of the new isolates were superior to 3496, mdicatmg 
that 3496 may have produced mactive or less active mutant strams smce leavmg 
Dr Waksman The best of these isolates was labeled M-4 (M for mycm, and 4 
for the fourth isolate from 3496) Further platmg out of this stram did not yield 
any higher-yieldmg strams, and we concluded that M-4 was probably typical of 
3496 when first isolated 

Ultraviolet irradiations were conducted at first m a manner similar to that of 
Beadle and Tatum (1945) Smce the comdia of S gnseus are not wetted by 
water, petri dish cultures of the parent stram were moved back and forth directly 
beneath a commercial mercury-arc lamp,^ 84 per cent of whose total radiant 

* Westinghouse “stenlamp,” no WL-782-30 
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energy is of 2,537 A wave length The dosage at the agar surface under thcic 
circumstances is 15,000 ergs mm”* mmute-^ After measured tune intenah, 
the comdia were teased off hghtly with a wire loop and streaked on sterile agar 
to give a sufficient number of new clones for screenmg 

The comdia of S gnseus were not well separated by this technique Too 
many colomes denved from more than one comdium In addition, exposure nas 
not uniform, and death curves could not be measured for quantitative com 
panson of mutation rates with exposures tunes A technique was therefore de- 
veloped for irradiatmg monocomdial suspensions, i e , suspensions of smglv 
occurrmg comdia 

Comdia from a culture slant were washed off gently m 1 1,000 aerosol OT and 
the suspension was blended for 1 mmute m a Wanng blender at 10,000 rpm 
The remaimng agar fragments, spore clusters, and mycehal snarls were removed 
by aseptic filtration through no 2 Whatman filter paper More than 99 per 
cent of the population m such a suspension were smgle comdia, as measured by 
direct microscopic observation and platmg out Monocomdial suspensions pre- 
pared m this way were uradiated m a sterile quartz cell* held next to the ultra 
violet lamp Stimng was provided by a quartz screw-paddle made from a 3 mm 
rod, and spun by an electnc stirrer at 1,380 rpm 

With the kmd co-operation of Dr George Pish, uradiations with X-rays’ were 
made m two different ways Fust, the suspensions were irradiated m sterile 
bags made of cellulose sausage casmg * Each bag held 2 5 ml of suspension and 
was ]ust wide enough to cover the X-ray tube aperture Sturing was as de- 
scribed above This was the techmque for irradiation when a copper target 
(A = 1 539 A, 90 per cent) and a molybdenum target (A = 0 710 A, 85-1- per cent) 
were used 

"Use of the new high-mtensity berylhum wmdow X-ray tube, type AEG-oO T, 
with tungsten target (A = 0 21 A) necessitated a change m technique because ol 
the design of the tube (Eogers, 1946) Five ml of suspension were held in a 20 ml 
glass evaporatmg dish, 10 cm from the X-ray target At 50 kv and 45 ma, the 
mtensity, measured m au, was 70,000 roentgens per mmute The entire surface 
area was exposed to radiation No provision was made for stimng the sua 
pension 

Samples were taken immediately before each irradiation, as a control, and a 
measured time mtenmls throughout the irradiation, for population detenni^ 
nations Each sample was plated out at slx ddutions on beef extract, pe^ont 
agar (medium no 1, plus 1 5 per cent agar) Plates were meubated at 2-1 C or 
5 to 12 days pnor to countmg Plates contammg not more than 50 total 
were used for pickmg new clones for screenmg "Whenever possible, all wc 
isolated surface colomes were picked from a given plate to avoid umntcntiona 

’ Quartz cell, 1 by 1 by 5 cm, for Beckman spectrophotometer, which withstands repeats 1 

autoclaving „ , ^ -v- nmt 

’ These irradiations were all conducted using a Picker Company A ray - 

947 

* “Xojax” casing (12/32) made by Visking Corporation 
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selection on any arbitrary basis No technique was employed to suppress or 
elnmnate low-yieldmg strains 

New strains were picked onto beef extract, peptone agar slants, 50 at a tune 
This provided two “transfer generations” for strain stabihzation between irradi- 
ation and the screemng fermentation In the early natural selection work each 
stram was given an M (for mycm) senes number Each stram selected m the 
irradiation program was given an RM (R for radiation) senes number Nme 
days of growth at 24 C, prior to the screemng fermentation, was found to be 
optimal If less than 7 or more than 14 days were allowed, the maximum yield 
was lowered 

All screemng fermentations were of the submerged type, conducted m 100 ml 
of medium m 500-ml Erlenmeyer flasks Duphcate flasks properly seeded were 
shaken m a shakmg machme of the osciUatmg type at a rate of 95 oscillations per 
mmute, at a temperature of 24 C for the entire fermentation penod Samples 
were taken daily, usually beginning on the fourth day of the fermentation cycle 
Streptomycm levels were measured by the method of Loo et al (1945) Four- 
zone assays, with a standard error of approximately 8 5 per cent, were used 
routmely Interestmg strains were checked on their peak or near-peak days 
with 16-zone assays, with a standard error of 4 per cent (See statistical studies 
of Loo et al , 1945 ) 

Early m the study it was learned that flasks could not be seeded simply by 
transf errmg a loopful of comdia to each flask Peak juelds so obtamed could not 
be duphcated Suspension of the comdia m 1 1,000 “aerosol OT,”® 100 per cent, 
followed by vigorous shakmg, proved to be the most practical procedure All 
other wettmg agents, m a senes of 18 tested, either did not wet the spores ade- 
quately or were too toxic Smce a final aerosol concentration of 1 50,000 is non- 
toxic to (S gnseus, any seed volume up to 2 ml may be used A quantitative 
appreciation of aerosol toxicity for S gnseus may be gamed from figure 1 It 
may be seen that although a control without aerosol was impossible, stram per- 
formance was consistent m the range of aerosol concentrations from 1 25,000 to 

1 1,000,000, mdicatmg no aerosol effect 

The mayiTniim yield obtamable for a stram on a specific medium was found to 
be dependent upon the seedmg rate, just as had been reported for the production 
of peniciUm by Penunllium notaium-chrysogenum (Savage and Vander Brook, 
1946) From fermentation curves obtamed with different levels of seedmg, the 
optimal seedmg rate was found to be 2 5 X 10^ comdia per ml of substrate By 
makmg direct counts on each spore-m-aerosol suspension, usmg a countmg 
chamber, the proper volume of suspension was determmed for seedmg 100 ml of 
medium at the optimal seedmg rate Poorly sporulatmg strains were seeded at 

2 0 ml per 100 ml to avoid exceedmg a safe concentration (1 50,000) of aerosol 
When the seedmg rate was held constant, each stram was found to have a re- 
producible maximum yield on a given medium McGuire (1948) has found that 
a turbidimetnc procedure of comparmg spore densities is adequate for controlhng 
the seedmg rate 

® Product of Amenean Cyanamid and Chemical Corporation, New York, New York 
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The fermentation media employed m this study were the following 


UEDimi 1 0 1 

IIEDIUU liO 

2 

UEDinUSO 1 

Wak&man’s onginal 

Soybean cuibay* 

Yeist Sills* 

Beef extract 5 0 g 

Soybean meal 

10 Og 

Yeast’ 

2 og 

Peptone 5 0 g 

Curbay B G * 

0 5g 

Cerelose 

200g 

Glucose (cerelose) 10 0 g 

Cerelose 

10 Og 

KCl 

lOg 

NaCl 5 0 g 

CaCOi 

1 Og 

CaCO, 

SOg 

Distilled water 1,000 ml 

NaCl 

5 Og 

(NHdiSO, 

50g 


Tap water 

1,000 ml 

KH POi 

02g 


1 

i 


Tap water 

1,000 ml 


EXPERIMENTAL RESULTS 

Surmval curves A survival curve of S gnseus obtained by ultraviolet irradi 
ation (X = 2,537 A) is shown in figure 2 Kelner (1948) has recently published 
data on the survival of Streplomyces flaveolus using the same wave length of 
ultraviolet This is apparently the only other report of survival cuives of 
actmomycetes to ultraviolet irradiations Unfortunately, differences m irradi 
ation techniques make a comparison of sensitivities of the two species iinpo&iblc 
Survival curves of S gnseus were measured for three wave lengths of X rays 
1 539 A, 45 kv, 13 8 ma, 0 710 A, 45 kv, 13 8 ma, and 0 210 A, 50 kv, 45 roa 
Survival curves from X-rays of both 1 639 A and 0 710 A wave lengths were 
almost identical The curve for X = 0 710 A is shown m figure 3 Neither of tlie 
two targets used m this work was calibrated, so dosage cannot be reported in 
roentgens per mmute The survival curve for X = 0 210 A is showu m figure ^ 
Smee the tungsten target used for producing these X-rays was calibrated, dosage 
can be reported m roentgens min-i A comparison of survival curves allows us 
to estimate that the dosages from the molybdenum target (X - 0 UO ^ ) un 
copper target (X = 1 539 A) were approKunately 26,000 r mm^ Tliese a 
mdicate that S gnseus requires almost three times the dosage of X-ri^s 
by S flaveolus (Kelner, 1948) to produce the same killing effect Part ol 
difference may be attributable to the difference m age of the cultmes tested 
culture of S gnseus ages beyond 7 to 9 days, its sensitivity to X-rays mere 
The survival curves reported here are of 7- to 9-day-old cultures ^ 

Becogmiion of muianis Morphological differences in mutant colo » 
gnseus are not so strikmg as are those of mutant colonies or sec J 
of the higher fungi such as the pemciUia and aspergilli The ^ „„ 

nonconiLl mutant type, m which the colony is thin transparent and 
evidence of aenal mycelium Such a strain, isolated from - I; 
recognizable as an 5 gnseus culture, yet it may be ^ 

as 200 micrograms of streptomycin per ^ In general, t 
produced httle or no streptomycin Cottony white colon 

. These media were developed bjDrs D R Colmgsworth and R A ^cUn 

7 Standard Brands’ yeast, type no 2019 
« Curbay B G is a product of U S Industrial Chemicals, Inc 
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Figure 1 Toxicity of aerosol OT for the streptomycin fermentation* The- data are the 
averages of duplicate expenments with paired flasks at each concentration in each experi- 
ment The 1 5,000 curve is a straight line on the abscissa, since total inhibition occurred 
Numbers representing the day of each fermentation cycle are used as data points JJThis 
permits the "setting over” of six curves that would otherwise he upon one another 



Figure 2 
X “ 2537 A 


Survival curve of S griseus (M-4) following irradiation with ultraviolet light, 
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amounts of aerial mycelium were frequently encountered that would produce no 
colored comia, even after 3 weeks’ growth at 24 C This type of i^utant 

f r®"" producer than its parent Another colonj 

ype had a central area m which no aerial mycehum was formed and an outi 
zone where aerial mycehum was probferatmg and producing comdia Some 
colomes showed no tendency toward formmg a wrinkled mat This character 
istic vaned mdependently of aerial mycehum production and conidia production 



TIME (MINUTES) 

Figure S Survival curve of S griaeua (RM241), following irradiation with X raj3i ^ “ 
0 710 A 


Variations m the color of comdia were too slight and too contmuous to be scored 
Many may well have been due simply to altered rates of growth 
Usmg such variations in colony appearance as are described above as criteria 
of mutation, mutation rates as high as 50 per cent were measured after irradiation 
with 1,000,000 roentgens of X-rays Unfortunately, there appeared to be no 
morphological characteristics by which high-yieldmg strains could be identified 
Using the ma^uniim obtainable yields of streptomycm as the sole phyaiologieal 
characteristic bemg scored, mutation rates were measured m a fauly quantitativ e 
way by tabulatmg “production spectra” of an irradiated suspenaion, i e , j 
grouping those strains produemg 0 to 100, 100 to 200, 200 to 300, 300 to 100, an 
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400 to 500 micrograms per ml, or by groupmg them by 50-imciogiams-per-ml 
mcrements if necessary This type of tabulation was of greatest value m the 
selection of the most effective irradiation conditions With both ultraviolet 
and X-ray irradiation, mutation rate mcreased with death rate Most screenmg 
was therefore done of strams surviving a killmg rate of 99 0 to 99 9 per cent 
Strain ‘performance In the first group of 760 strams selected at random, 
followmg irradiation of M-4 with ultraviolet hght at 2,537 A, 22 per cent were 



higher yieldmg, and 34 per cent were lower yieldmg t han the parent, after cor- 
rectmg for spontaneous mutations, seldom more than 4 per cent, as measured m 
the unexposed suspension The criterion of significant difference between maxi- 
mum yields of strams was ±3£ (±3X standard error) Some 30 of the better 
strams received more mtensive study, and of this group, RM241 emerged as the 
best Most of the supenor strams reverted rapidly to the performance of the 
parent culture 

IIM241 differed from its parent, M-4, m two respects besides streptomycin 
production Compared to M-4 it produced comdia poorly, even at 24 C at 
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at 30 C, growth of IIIM241 was completely inhibited at 30 C Differences m 
streptomycm yields depend upon the medium fermented, as shown in figure, 5, 



P igure S Fermeatation curves on Waksman's original medium of beef extract, peptone, 
and glucose (medium no 1) 



Figure 6 Fermentation curves on soybean, curbay medium no 2 


6, and 7 Since these data were collected almost two years after the sdcctioa 
of IliI241, they show httle of the supenonty for which RM241 was selected 
When first screened on medium 2, 11^1241 produced 420 micrograms of strep 
tomycm per ml compared to a control of approvimately ISO micrograrns per ml 
for its parent, M-4 Over the first month of retrials, it continued to va!' 
between 350 and 400 micrograms per ml At the end of 3 to 4 raontlm, the p-- ^ 
juelds had dropped to 275 to 300 micrograms per ml Plating out and ^creenm-,' 
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pioved ineffective in regaining a strain producing 400 nucrograms per ml or bettei 
on this medium Changes m the sources of the components of the medium may 
have had an adverse effect upon its performance also This adverse influence 
was detected only some time latei 

RM241 was fmther irradiated with ultraviolet light The mutation late 
dropped to less than 10 per cent and almost all mutants were lower yielding 
This unexpected result prompted a return to M-4 as a parent, but the previous 
high mutation rates were no longer obtamable Changmg to a new ultraviolet 
tube and changmg to a new source of ultraviolet energy at 2,652 A did not help 
Apparently the mability to obtam mutants was not due to the natuie of RM241 



Figure 7 Fermentation curves on yeast, salts medium no 3 

It may have been due to a limitation imposed by some mgredient or mgredients 
m medium no 2 After some 700 additional strains had been screened without 
any superior strains appearmg, ultraviolet irradiation was abandoned 
IIM241 was irradiated with X-rays of 1 539 A and 0 710 A wave lengths 
Tabulation of some 1,400 additional strains selected after equal use of these two 
wave lengths indicated that although equal killin g doses of approximately 400,000 
roentgens were used m each case, the mutation rate obtamed with 0 710 A energy 
(30 per cent lower than the parent, 10 per cent higher) was almost four times 
that obtamed with 1 539 A energy (12 per cent lower, 1 25 per cent higher than 
the parent) Of the 70-odd superior strams obtamed with 0 710 A energy, 2, 
RM2388 and RM2451, emerged as the most stable and best After more than 
ten comparisons, RM2451 was selected, mostly because it gave its high yield 
earlier 
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RM2451 differs from its parent RM^l m growing faster, producing comJu 
earlier, and producing a much greater yield of conidia The mat is much darker 
pay gipn, although this darker color may be due to the greater thickncts ol the 

layer of comdia Stored on soil under various conditions, it has remained re- 
markably stable 

IIM2451 was selected for its performance on the yeast, salts medium no 3, as 
shown m figure 7 , m which its superiority over previous strains is marked It u 
typical of many supenor strains that were selected in that its superiority cm be 



Figure 8 Influence of atenlizafcion time upon the maximum obtainable yield of strepto 
mycin with two strama of S gnseus on a yeaat, salts medium The data are the averigti 
of duplicate expenments Strain “X” la a strain that waa being compared to IiM2-lol at 
the time this study was made 


demonstrated best on the medium that was employed m its selection and ina> not 
be demonstrable on other media 

The data shown m figures 5, G, and 7 were obtained only some time aft<r 
IIjM24o1 had been selected A few mteresting observations may be made by 
comparmg the performances of the three new strains and their common progenitor 
on the three media used for their respective selections Waksman’s original no 
3496 stram produces between 35 and 50 micrograms per ml, regardlcaS of tLo 
medium used iM-4 is supenor to its parent stram, 319G, on all media, on' 
progressively more so going from medium 1 to 3 IIM211 is almost inferip to 
its parent ^1-4 on medium 1 , is somewhat supenor on medium 2, and is deeiu< ' a 
superior on medium 3 RiI2451 is superior to all strains on media 2 and J, ut 
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ifc IS the lowest-yielding stram of all four on the original medium 1, producmg not 
more than 4 to 6 micrograms per ml 

In figures 5, 6, and 7 the fermentation curves of no 3496 and M-4 are averages 
of only duphcate runs m paired flasks smce they parallel so accurately our 
previous expenence with these strains Because of the importance of the E,M241 
and RM2451 data, these fermentations were repeated eight tunes and ten times, 
respectively, and averaged to give the data shown 
The superiority of 0 710 A energy over 1 539 A energy suggested that X-rays 
of shorter wave lengths might be even more effective mutagemc agents Data 
collected so far with 0 210 A energy from the high-mtensity tungsten target do not 
confirm this hope Exposures up to 1,000,000 roentgens have not appreciably 
increased the mutation rate, as measured by the “production spectrum ” 

Almost 900 additional strains have been screened foUowmg irradiation of 
IIM2451 with 1,000,000 roentgens of 0 210 A energy Although strains produc- 

TABLE 1 


Influence of sources of yeast upon yields of streptomycin 
(Results of two trials on yeast, salts medium no 3 are shown All data are peak yields in 

/ig per ml of streptomycm) 


TRIAL 

STRAIK 

SOURCE OP VEAST 

A, lot 1 

1 A lot 2 

A loti 

B 

A lot -1 

A loti 

I 

1 

576 

235 

768 

668 




2 

500 

352 

740 

688 




RM2451 PR 

436 

214 

574 

688 




1 

1 ! 




712 

792 

154 

II 

2 

1 



544 

688 

344 


RM2451 PR 

1 



584 

920 

164 


ing more than 1,000 micrograms of streptomycm per ml are frequently en- 
countered, none has yet proved sufficiently stable for study or use Dunng this 
screerung program several problems arose that might profitably be reported 

The appearance and possible influence of bacteriophage The appearance of a 
bactenophage that lyses S gnseus, as already reported by Saudek and Cohngs- 
worth (1947), mtroduced the additional problem of finding strains that were 
phage-resistant (PR) A stram of phage-resistant RjM 2451, henceforth labeled 
RM2451 PR, was isolated Extensive testmg on various media mdicated no 
additional differences, even m the production of streptomycm, between the 
phage-sensitive and phage-resistant phases of RM2451 Other strains similarly 
tested did not appear to produce different amounts of streptomycm m their 
sensitive and resistant phases This is m agreement vath the findmgs of Waks- 
man et al (1948) Smce this problem was encountered, all parent strains for 
irradiation have been phage-resistant 

Influence of media components The yield of a stram may varj' wadely, depend- 
mg upon the medium fermented, as already shown In addition, this yield may 

























4iO 


GEOBGEM SAV\GB 


(vOL )7 


be influenced considerably by changing the source of various ingredients m tfc 
same medium Of the components m the three media in this report, beet o\ 
tract, soybean meal, yeast, and (NH 4 ) 2 S 04 have all been found to influence \ leR-., 
dependmg upon the source and lot of each ingredient Typical data shomng the 
influence of different lots of dried yeast in formula no 3 are shown in tabic 1 
The data m table 2 show the influence of various lots of (NH 4 ) 2 S 04 upon yields oi 
different strains of S gnseus 

Influence of stenhzahon time The effect of sterilization tune upon nia\imum 
yields obtamable from a strain must be evaluated for each medium used I 
quantitative appreciation of the sigiuficance of this effect may be gamed from 
figure 8 The medium is no 3, sterihzed for vaiying lengths of tune, up to 1 hour 
Mavimum yields obtamable on this medium after varying sterilization timca are 
plotted for two different test strains It may be seen that the sterihzatioa time 
must be carefully controlled if maximum yields are to be reproducible 


TABLE 2 

Influence of source of (Wlfil-SOi upon yields of streptomycin 
(Results of two trials on yeast, salts medium no 3 are shown All data are peak yii-lJj m 


ng per mi of streptomycin 


trial 

STRAIN 

sotncE or (NHi)iSO> 

A, lot 1 

A lot 2 

1 B, lot 1 

I 

1 

508 

640 

1 220 


3 

304 

526 



RM2451 PR 

1 656 

848 

1 

■■ 

II 

2 

' 4U 

464 

' 176 


3 

384 

484 

102 


RM2451 PR 

1 

732 

9S0 

102 


SUMMARY 

Streplomyces gnseus RCC no 3496 (Waksman's no 4) has been irradiated b> 
both ultraviolet and X-rays m an effort to produce high-streptomycm yieldin,; 
strains X-rays were found to be much more mutagenic than ultrai lolet, an 
among X-rays, the harder rays of 0 710 A and 0 210 A wave lengths were foun 
to be the most efficient mutagens Mutation rate mcreased with killmg ratts up 
to 99 9 per cent kiUmg By usmg doses up to 1,000,000 roentgens, muta ion 
rates as high as 50 per cent were observed on morphological characteristics, an 
as high as 40 per cent on the single physiological characteristic of streptomv cm 
production 

Although efforts cvere made to study only stable strains, the superior M ^ 
selected proved to be extremely unstable and quickly reverted to the paren 
insofar as streptomycm production was concerned Less than 0 I per cca , 
of 3,700 strains studied, proa ed to be superior m a stable fashion b ram = l 
ority 13 very dependent upon the medium being fermented Since nun> s 
cannot demonstrate their superiority when tested m larger fermen , 
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media differmg only slightly m composition from that used for screenmg, large 
numbers of superior strains must be foimd for each stram that is ultimately uti- 
lized 


REFERENCES 

Beadle, G W , and Tatum, E L 1945 Neurospora 11 Methods of producing and 
detecting mutations concerned with nutritional requirements Am J Botany, 32, 
678-686 

Deiierec, M 1945 Annual report of the director of the department of genetics Car- 
negie Inst Wash , Year Book No 44, 1944-1945, 117-119 
Dulaney, E L 1948 Observations on Streptomyces griseus II Nitrogen sources for 
growth and streptomjcm production J Bact , 66, 305-313 
Eiseb, H AI , AND McFahlanb, W D 1948 Studies on the metabolism of Slreptomycea 
grtseus m relation to the production of streptomycin Can J Research, 26C, 164r- 
173 

Guley, F B , Stefanlak, J J , Olson, B H , and Johnson, M J 1946 A comparison 
of pemcillin-producing strains of Pentcilltum notaium chrysogenum J Bact , 62, 
129-140 

Johnson, M J , Stefaniak, J J , Gailey, F B , and Olson, B H 1946 Pemcillm 
production by a supenor strain of mold Science, 103, 504-505 
Kelner, Albert 1948 Mutation m Streptomyces flaveolus induced by X-rays and ultra- 
violet light J Bact , 66, 457-465 

LePaqe, G a , AND Campbell, Elizabeth 1946 Preparation of streptomycm J 
Biol Chem , 162, 163-170 

Loo, Y H , Shell, P S , Thornberry, H. H , Ehrlich, J , McGuire, J M , Savage, G 
M , AND Sylvester, J C 1945 Assay of streptomycin by the paper-disc plate 
method J Bact , 60, 701-709 
McGuire, J M 1948 Personal communication 

Rake, Geoffrey, and Donovick, R 1946 Studies on the nutritional requirements of 
Streptomyces griseus for the formation of streptomycm J Bact , 62, 223-226 
Rogers, T H 1946 High mtensity radiation from berylhum window X-ray tubes 
Read before the thirty-second annual meetmg of the Radiological Society of North 
Amenca, Chicago, 111 , Dec 1-6 

Saudek, E C , AND CoLiNGSWORTH, D R 1947 A bacteriophage m the streptomycm 
fermentation J Bact , 64, 41—12 

Savage, G M , and Vandeb Brook, M J 1946 The fragmentation of the mjcehum of 
Penictllium notatum and Penicillium chrysogenum by a high-speed blender and the 
evaluation of blended seed J Bact , 62, 385-391 
Thornberry, H H , and Anderson, H W 1948 Synthetic medium for Streptomyces 
griseus and the production of streptomjcm Arch Biochem , 16, 3S9-397 
Waksman, S a , Reilly, H C , and Harris, Dale A 1948 Streptomyces gnseus 
(Kramsky) Waksman and Henrici J Bact , 66, 259-269 
Waksman, S A , Reilly, H C , and Johnstone, D B 1946 Isolation of streptomycin- 
producing strains of Streptomyces griseus J Bact , 62, 393-397 




QUANTITATIVE DETERMINATION, IN TYPE-SPECIFIC ANTISERA 
TO HEMOPHILUS INFLUENZAE, OF THE ANTIBODY THAT CROSS- 
REACTS WITH ENCAPSULATED PNEUMOCOCCP 

CATHERINE F C MacPHERSON, HATTIE E ALEXANDER, and GRACE LEIDY 

Department of Bacteriology and Immunology, McGtll University, Montreal, Quebec, and the 

Department of Pediatrics, College of Physicians and Surgeons, Columbia University, 

New York City 

Received for publication January 20, 1949 

In 1942 Chapman and Osborne reported the first of a senes of serological cross 
reactions mvolvmg the type-specific polysaccharides of Dtplococcus pneumoniae 
and Hemophilus influenzae Since then D pneumoniae of types VT, XVA, 
XXrX, and XXXVB (Neter, 1943 , Zepp and Hodes, 1943 , Alexander, Leidy, and 
MacPherson, 1946) have been foimd to show capsular swelhng m the presence of 
type b H influenzae antibody, and D pneumoniae type VIB and type XI were 
found to cross-react with type a (Chapman and Osborne, 1942) and t3pe c (Alex- 
ander, Leidy, and MacPherson, 1946) H influenzae antibodies, respectively 

When the pleomorphism of H influenzae is borne m mmd, it is evident that the 
cross reactions described could lead to senous errors m the immediate identifica- 
tion by capsular swelhng of any of the foregomg types of pneumococci or m- 
fluenza bacilh mvolved 

It was therefore considered desirable to measure m absolute terms the relative 
amounts of cross-reactmg antibodies contamed m rabbit antisera that had been 
produced m this laboratory agamst different strains of types a, b, and c H 
influenzae If the available sera were found to differ m this respect, such informa- 
tion would be useful as a guide to the selection of strains to be used for the prep- 
aration of diagnostic sera, the strain of choice bemg one that engendered the mini- 
mum response of cross-reactmg antibodies 

EXPERIMENTAL METHODS 

The pi-mciples shown (Alexander, Leidy, and MacPherson, 1946) to be im- 
portant m the production of sera diagnostic for all slx types (Pittman, 1931) of 
H influenzae were apphed m the preparation of antisera to the various strams- of 
H influenzae used 

Each serum analyzed was a pool from several rabbits The two type a sera 
IV ere produced by immumzmg with the Cassia stram The Rabmowitz stram 
was the antigen for two of the type b sera, the Mata, Hall, and Johnson strams 

* This work was supported by grants from the Commonwealth Fund 

“ The Cassia strain of t 3 rpe a and the Hall, Johnson, Mata, and Rabmowitz strains of 
type b were isolated at the Babies Hospital from the spinal fluid of patients with memngitis 
The type o Pittman strain was obtained from Dr Margaret Pittman, and the Ruggiero 
strain was isolated from the nasopharynx of a child at Babies Hospital and identified with 
antiserum against Pittman type c 
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were the antigens for the remaining type b sera One serum pool m as proJuuti 
against the Pittman and one against the Ruggiero stram of typec // uijhun u 

Pneumococcal cultures of types VJ, XI, XVA, and XXIX nere grown mi 
killed accordmg to the procedure of Dubos (1938) and kept at 0 to 5 C until u .4 
about one n eek later The suspensions w ere then n ashed m the cold n ith ~ ilim 
to remove formalm and any free capsular polysaccharide, filtered through i loo-c 
plug of cotton, and diluted with sahne contammg 1 10,000 merthiobte to a ton 
centration of approximately 0 3 mg of bacterial N per ml 

The volumes of pneumococcal suspensions required to absorb the crOiS reading 
antibodies were determmed for 0 5-ml samples of the mfluenzal sera hi adding 
0 5 ml of appropriate suspension, refrigeratmg overnight, centrifuging, and re 
peatmg the absorption on the supernatant until no agglutmation i\ as ob.cn cii 
with a fresh charge of bacteria In most instances one absorption with the au 
pension was sufficient 

The amounts of influenzal polysaccharide (MacPherson, Heidelberger, \.!e\ 
ander, and Leidy, 1946) necessary to precipitate all the residual type spcoti'- 
antibody were next determmed by ascertammg the weights of appropriate t>P(. 
specific carbohydrate that would produce a slight antigen excess (Heidelbcrgir 
and Kendall, 1932, Heidelberger and Kendall, 1929, Heidelberger, Kendall, and 
Soo Hoo, 1933, Heidelberger and Kendall, 19S5) when added to measured ali 
quots of the absorbed sera 

To obtam absorbed sera for the quantitative determinations of residual tjix- 
specific antibody, 2 or 4 ml of serum were pipetted mto 5- or 10-ml volumctni- 
flasks contammg a drop of Q 04 per cent phenol red The sera were then adjibtcd 
to approximately pH 7 by addmg 0 1 N HCl dropwise until the color first clunge'i 
to orange The volume, determmed m the prehmmary tests, of appropriate \ at 
cme was next added, followed by m/15 phosphate buffer, pH 6 9, to volume 'fhi 
contents of the flasks were well mixed, refrigerated overnight, and then ceiitn 
fuged m the cold Ahquots of absorbed sera were then set up m the usual wav 
(Heidelberger and Kendall, 1929, Heidelberger, Kendall, and Soo Hoo, 19'H, 
Heidelberger and Kendall, 1935), with the amounts of type-specific poljsacclu 
nde calculated from the results of the prelimmary tests described above Hur 
48 hours m the cold, the specific precipitates w'ere centrifuged and washed os u>- 
scribed by Heidelberger and Kendall (1929), Heidelberger, Kendall, and Soo 1 oo 
(1933), and Heidelberger and Kendall (1935) 


RESULTS AND DISCUSSION 

Exammations of the figures m table 1 null show that only 1 per cent of the iv p ^ 
specific antibody m the two serum pools produced against the Caaoia 
type a H influenzae v. as removed hy type YL D ■pneumoniae The C^ia 0 
was composed of sera from 12 animals that had received 1 cour:,e3 of immuni ^ 
tion, whereas the Cassia pool w as obtamed from 4 rabbits after 1 cour:>e a, ^ 
pears that this strain elicits only a slight response of cro«-rcatting anti 

ev en after extensive immunization ^ j 

The five type b senim pools contamed widely different relative a 
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cross-reacting antibody (table 1) In antisera to the Rabmowitz and Mata 
strains from 20 to 40 per cent of the total type b precipitm N was reactive with 
type XXIX pneumococcus, but antisera to the Hall and Johnson strains con- 
tamed less than 10 per cent Generally one-half to one-third as much antibody 
reacted with type XVA pneumococcus as with type XXIX pneumococcus 
It IS not known whether the fraction of antibodies that reacts with type XTVA is 
mcluded m the larger fraction that reacts with type XXIX pneumococcus If 
not, this woidd mean that one anti-Rabmowitz stram serum contamed at least 
60 per cent of antibody reactive with heterologous organisms 

TABLE 1 


Type-specific antibody in rabbit anii-influenzal sera that cross-reacts with various types of 

pneumococci 


TYPE 

OP 

SERUU 

DOnrNlZlKG STRAIN 
SERUU POOL 

COURSE 

NO 

RABBITS 

IN 

POOL 

HOUOLO 
cons PRE 
cipitinN 

BEFORE 

ABSORB 

TION 

VACCINE USED 
POR 

ABSORPTION 

HOUOLO 
cons PRE 
dPITlN N 
APTER 
ABSORB 
TION 

ANTIBODY 1 
ABSORBED 
BY CROSS 
REACTION 

CROSS 

REACTING 

ANTIBODY 





mgfml 


mg/ml 

mglmt 

% 

a 

Cassia G 


12 

1 40 

Pn VI 

1 38 

0 02 

1 

a 

Cassia 

1 

4 

0 72 

(( 

0 71 

0 01 

1 

b 

Rabmowitz G 

4 

10 

0 86 

Pn XXIX 

0 69 

0 17 

20 

b 

Rabmowitz 

1 

8 

0 32 

a ti 

0 19 

0 13 

40 

b 

Hall 

2 

2 

0 20 

a a 

0 19 

0 01 

5 

b 

Johnson 

3 

3 

0 32 

a a 1 

0 29 

0 03 

9 

b 

Mata 

3 

2 

0 27 

H (( 

0 17 

0 10 

37 

b 

Rabmowitz G 

4 

10 

0 86 

Pn XVA 

0 79 

0 07 

8 

b 

Rabmowitz 

1 

8 

0 32 

it tt 

0 26* 

0 06 

19 

b 

Hall 

2 

2 

0 20 

it (( 

0 21 

0 

0 

b 

Johnson 

3 

3 

0 32 

f( a 

0 31 

0 01 

3 

b 

Mata * 

3 

2 

0 27 

tt ti 

0 27 

0 

0 

c 

Ruggiero 

4 

12 

0 49 

Pn XI 

0 37 

0 12 

24 

c 

Pittman 

4 

2 

0 75* 

tt tt 

0 76 

0 

0 


* One determination 


It wiU be noted that the Rabmoivitz serum, pooled from 8 animals after 1 
course, contamed relatively twice as much cross-reactmg antibody as the Rabmo- 
witz G serum, pooled from another group of 10 rabbits after 4 courses Perhaps 
the size of the groups was not adequate to ensure that these results were not due 
to the variation m mdividual host response However, smce the two groups of 
animals were not immunized simultaneously, the results also suggest that the 
chemical constitution of the type-specific polysaccharide elaborated by this stram 
might not always be exactly the same 

Antisera to the Ruggiero and Pittman str ains of type c H influenzae were pools 
from groups of 12 and 2 rabbits and were obtamed after the fourth course of im- 
munization The antiserum to the Ruggiero stram contamed 25 per cent of anti- 
body reactive with pneumococcus type XI, but the antiserum to the Pittman 
strain contained no measurable amount of cross-reactmg antibody 
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R\perimeiits are now being planned, using the results of the present stud> 
guide, to determine which of the available strams engender the minimum rcspoine 
of cross-reactmg antibodies 


SUMMARY 

Different relative amounts of antibodies that cross-react with Dijilococcus pthu 
momae were found m type-specific antisera produced with different strains of 
types b and c Hemophilus influenzae 

Roughly one-half of the antibody m some antisera to type b H influenzae could 
be removed by absorption with types XXIX and XVA pneumococci 

Antisera were found to one stram of type a, one stram of type b, and one strain 
of type c H influenzae that contamed 1 per cent or less of cross-reactmg anti 
bodies 
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In a previous study the authors (Henry ei al , 1948) reported on some of the 
effects of streptomycm (SM) on the metabohsm of restmg cells of Staphylococcus 
aureus, Bacillus cereus, and Shigella sonnet It was found that SM inhibited the 
oxidation of certam carbohydrates and carbohydrate mtermediates by susceptible 
strains of these organisms, but had no inhibitory effect on resistant str ains de- 
rived from them 

Inasmuch as the chemotherapeutic action of SM is an inhibition of bacterial 
multiphcation (Schoenbach and Chandler, 1948), the study has been extended to 
multiplymg cells This report concerns the effect of SM on the oxidative me- 
tabohsm of glucose and pyruvate by multiplying bacteria, and the effect of SM 
on the total mtrogen, phosphorus, and reducmg substance content of bactena 

METHODS 

For studymg the effect of SM on the utihzation of glucose and pyruvate by 
multiplymg bactena, strains of <8 sonnet and B cereus sensitive to 1 pg SM per 
ml were grown m a medium developed by Saunders el al (1941) and m a syn- 
thetic medium modified from that of Brewer et al (1946), respectively After 
growth at 37 C for 16 hours the cells were centrifuged and then taken up m a 
volume of the same medium (glucose omitted) that gave the desired turbidity 
Cell multiphcation and Oj consumption were followed through the use of the ap- 
paratus suggested by Henry and Henry (1945), m which the turbidity is meas- 
ured directly m modified Warburg flasks The apparatus was further refined 
to mclude a spht photocell that automatically compensates for fluctuations m m- 
tensity of the hght source The Warburg flasks had two side arms, one of which 
was the conventional type with plug and the other consisted of a round cuvette 
without plug 

The mam space of these special Warburg flasks contamed 1 00 ml cell suspen- 
sion, 0 50 ml medium, and 0 50 ml 0 20 m Sorensen’s buffer, pH 7 2, containmg 
the SM when desired The conventional side arm received 0 50 ml medium (con- 
tainmg the substrate when desired) and 0 20 ml of 20 per cent KOH were placed 
m the inner cup of the vessel Sufficient substrate v\as added so that, at the end 
of the experiment (4 to 5 hours), there remamed a measurable quantity m the con- 
trols without SM The systems were sufficiently buffered to control the pH 

1 Present address Bio-Science Laboratories, Inc , 10717 Venice Blvd , Los Angeles, 
California 

* With the technical assistance of Louise Brough and Carmen Gomez 
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thioughout the experiment The controls and flasks with added SM i\ere run 
in duphcate or triphcate Each experiment was run several times Vfter 10 to 
15 mmutes’ equihbration m the water bath at 36 5 C, the contents of the side 
arms were tipped mto the mam space Oxygen consumption and turbiclitj rt id 
mgs were made at 30-nimute mtervals throughout the experiments At tlie cud 
of the experiments the suspensions were centrifuged m the cold room and the 
supernatants analyzed for the substrate remammg and for acetic acid Ihe 
analytical methods used for glucose, pyruvate, and acetic acid were those cm 
ployed m our previous report (Henry et al , 1948) 

For the re m a in ing experiments B cereiis was piepaied as for the manometric 
experiments above The cells were then suspended m the modified Brewer me 
dium m lOO-ml quantities m 500-ml flasks and placed on an International slukiug 
machme at 37 C At 3 hours the cells were centrifuged and washed twice with 
distilled water The cells were analyzed for total phosphorus by the metiiod ot 
Fiske and SubbaRow (1925), usmg perchloric acid as suggested by Ixing (1932) 
The total mtrogen was determined by the method of Koch and McMeekin (1921) 
The reducmg substances were determmed as glucose by the colorimetric pro- 
cedure of Somogyi (1945) after hydrolysis m 3 n HCl for 4 hours at 100 C 

The SM used throughout this work was streptomycin sulfate, Pfizer, lot no 
P4724, 823 ^g streptomycm base per mg 

RESULTS 

Streptomyan-inhihiion of the ulthzalton of glucose and 'pyruvate by multipbjim] 
cells Some of the effects of SM on the aerobic metabolism of S sontiei with 
pyruvate and glucose as substrates are given in table 1 (averages of 0 c\pcri 
ments) In order to determme whether the 0? consumption and substrate uti 
lization by the bactena were affected by SM, it was necessary to put them on 
some umt basis — such as per cell The unit basis chosen was a "turbidity unit 
Over the range of turbidities employed m these experiments, the relation between 
turbidity and number of cells was linear as determmed by cell counts It u 
recogmzed that the use of the turbidity umt basis might possibly mtrodutc an 
error because, m several cases, it has been demonstrated that cells become larger 
m the presence of an inhi bitor The values m table 1 are over-all values for the 
entire duration of the experiments The average turbidity for the duration, re 
quired m each case for calculation, was obtamed by a graphical method prev lou- j 
described (Heniy and Henry, 1945) The "per cent of theoretical 0- eoasiimp 
tion” compares the observed O 2 consumption wnth that calculated for comp j te 
oxidation of the substrate utilized to COj and water In the absence 0 a< ee 

substrate there was no growth and the O2 consumption was negligible 

Inhibitions of multiplication and of O2 consumption usually increased 1 
time, follow mg a lag of approximately 1 hour before mhibition dccclopct - 
over-all inhibition of O2 consumption closely paralleled the inhibition 0 -u 
strate utilization Measurement of the aeetie acid formed during the 
ments tended to mdicate an increase with increasing iniiibitiori b> ^ , 
amounts formed, howeeer, were so small as to lead to eonoiderable exia.riii * 
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erior in their determination The percentage of theoretical O 2 consumption did 
not change significantly duimg SM inhibition 

In several experiments counts of viable bacteria were made at the begmnmg 
and end of the experiments In controls the viable counts paralleled the tur- 
bidities With 1 ng SM per ml, although there was httle inhibition of O 2 con- 
sumption, substrate utihzation, or turbidity mcrease, the viable count was less 
than that mdicated by turbidity This coimt may mdicate that some bacteria 
were dividmg while others were not — a result of heterogeneity of sensitivity to 
SM A possible mcrease m cell size m the presence of the inhibitor may also have 
contributed to this observation With 10 and 100 SM per ml the viable count 
decreased markedly although there was no evidence of lysis as determined by 
turbidity measuiements 


TABLE 1 


The effect of slreptomycin on the aerobic metabolism of pyruvate and glucose in Shigella sonnet 


SUBSTRATE 

Sii 

% INHIBITION 
Of irULTIPLICA 
TION 

1 

% INHIBITION i 

OP 0 

CONS /TO* 

% INHIBITION 
SUBSTRATE 

osed/t U 

% BECOVERY 

C AS ACETIC 
ACIB PROif 
SUBSTRATE 
UTILIZED 

% OF 

theoretical 
Of CONS 

Pyruvate 

Pj/ml 

0 


_ 


22 

60 


1 

8 

4 

8 

26 

60 


10 

85 

55 

37 

40 

50 

Glucose 

0 

— 

— 


23 

50 


1 

12 

8 

9 

28 

55 


10 

98 

67 

68 

55 

50 

1 

100 

100 

70 

70 

40 

60 


♦ T U = turbidity unit (see text) 


The stram of B cereus grew m the basal medium without added substrate 
Its O 2 consumption per turbidity umt was inhibited about 50 per cent by 1 ^g 
SM per ml 

The effect of SM on the total nitrogen, phosphorus, and reducing substance content 
of B cereus The effect of SM on the total mtrogen, phosphorus, and reducing 
substance content (expressed as glucose) of B cereus is shown m table 2 (averages 
of 5 experiments) The values obtamed for the substances dete rmin ed are ex- 
pressed m terms of the unit previously used, the “turbidity umt ” The mtrogen 
content of the bacteria apparently did not change appreciably m the controls with 
or without added glucose When inhibition of multiplication occurred with SM, 
however, the nitrogen content was somewhat lower The phosphorus content m 
controls without glucose remamed fairly constant, but, with glucose added, the 
phosphorus decreased, although there was phosphate m the medium employed 
Comcident with SM inhibition there was a further decrease m cellular phos- 
phorus The reducmg substances m the cells decreased m controls without 
glucose m the medium It is presumed that this represented utihzation of carbo- 
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hydrate reserves In controls with glucose added as substrate the redueiir' anh 
stance content increased and, ivhen there v^as SM inhibition, it mcreaatd atill 
further The values were consistent to such a degree from experiment to expert 
ment that the foregomg trends are beheved to be significant 


DISCOSSIOV 

The manometnc experiments with S sonnei indicated that at the point ot com 
plete or nearly complete inhibition of multiplication the O 2 consumption is onl\ 
partially inhibited If the inhibition of oxidative mechanisms is the prmur> 
cause of bactenostasis, it would not be necessary that the total 0; consumption 
be completely blocked m order to produce bactenostasis (McElroy, 19 17) '1 he 

oxidation of pyruvate and glucose xvas inhibited by SM m resting cells ot S i^oima 
(Henry et al , 1948), although that of glucose was less sensitive in resting colls 
than m multiplymg cells The lag before SM inhibits 0. consumption, pru 


T.VBLE 2 

The effect of slreptomijcin on total nitrogen, phosphorus, and reducing suhstnnct. conUi t 
{expressed as glucose) of Bacillus ccrcus 
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viously observed with restmg cells, was also seen with multiplying cells and uas 
very sinmlnr to the lag before inhibition of multiplication appeared 

The changes observed m total mtrogen, phosphorus, and reducing subst iiico 
content of B cereus, occurnng with SM mbibition of multiplication, arc dilFicull 
to mterpret with our present knowledge The increase in reducing substanc< s 
w'as rather surpnsmg in view of the fact that resting cell suspensions of the s.imc 
organism did not exhibit this change (Henry et al , 19-18) The decrease in iiitro 
gen content may be related m some way to the interference with ammo acid me- 
tabolism by SM reported by Geiger (1947) 

As with restmg bacteria (Henry et al , 1918), therefore, the oxidative met tho- 
hsm of multiplymg bactena is inhibited by concentrations of SM that proiliico 
bactenostasis Evidence for this is shown both m the Oj consumption [>cr u II 
and the substrate utihzed per cell These observations, along with the chaUo<s 
observed m total mtrogen, phosphorus, and reduemg substance content oi bac 
tena followung SM bactenostasis, leave httle doubt that coincident .ith sM 0 -' - 
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tenostasis there is an interference in the carbohydrate metabolism of the organ- 
isms studied Whether or not this mterference is the primary cause of the 
bactenostasis or some mdirect effect still remams to be proved 

SUMMAIIT 

Studies with Shigella sonnet showed that comcident with inhibition of multi- 
phcation by streptomycm there was inhibition of carbohydrate substrate utihza- 
tion and inhibition of O 2 consumption per cell 
FoUowmg bactenostasis of Bacillus cereus by exposure to streptomycm, both 
the total mtrogen content of the bactena and the total phosphorus decreased, but 
the total reducmg substances mcreased 
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The antituberculosis activity of subtibn, an antibiotic agent introduced by Jan- 
sen and Hnschmann (1944), has been the subject of conflicting reports in the 
hterature Salle and Jann (1945) reported that subtflm m a dilution of 1 50,000 
prevented surface grovrth of Mycobacterium tuberculosis on Long’s synthetic me- 
dium, and that transfers mto fresh medium made from tubes contammg 1 10,000 
subtilm produced no growth They concluded that “subtihn is bacteriostatic m 
high dilution and gemucidal m greater concentration ” 

Anderson and Wong (1946) and Wong, Hambly, and Anderson (1947) found 
that m the sorbitan monooleate albumm medium of Dubos and Middlebrook 
(1947), a 1 400,000 dilution of subtihn (2 5 pg per ml) regularly inhibited the 
growth of Mycobacterium tuberculosis for 12 days To study the bactericidal 
effect, they moculated 1 ml of each dilution not showmg visible growth mto each 
of two gumea pigs The animals receivmg matenal from tubes contammg 
1 20,000 and 1 10,000 dilutions of subtihn did not develop tuberculosis These 
workers also found that subtihn inhibited tubercle formation m the allantoic 
membrane of the chick embryo, but they could demonstrate no effect on tuber- 
culous infection of rabbit corneas by topical apphcation of the drug, or on tuber- 
culous infection m hams ters by subcutaneous mjections of subtihn for 6 weeks 

Kmght and Tompsett (1948) observed that subtihn was effective m inhi biting 
the growth of tubercle bacdh only when the orgamsms were growing m a dis- 
persed fashion, as m media contammg wettmg agents such as sorbitan mono- 
oleate In media not contammg wettmg agents, where the bacilh were growmg 
m aggregates, subtihn did not mhibit their growth They reported that the 
course of tuberculous infection m nuce was not affected by much larger daily 
doses of subtihn than those necessary for protection against pneumococcus or 
streptococcus infection 

Farber et al (1948) reported the sensitivity to subtihn of 6 strains of tubercle 
bacflh recently isolated from patients Three were sensitive to 1 400,000, two 
were sensitive to 1 200,000, and one to 1 100,000 dilution of the drug Presum- 
ably these tests were done m sorbitan monooleate albumin medium. 

This report descnbes experiments designed to clarify the status of subtihn as a 
tuberculostatic agent m the test tube and m gumea pigs 

In vitro results The effect of subtihn' on the growth of the virulent, human 
type tubercle bacillus, H37Rv, was tested m four different hqmd media Pros- 

' The aubtilin was supplied through the courtesy of Dr S Binkley of the Bristol Labora- 
tories, Syracuse, New York, lot number 529-3, with labeled potency of 55 umts per mg 
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kauer and Beck’s (P and B) synthetic medium, the Youmans and Karlsoa modi- 
fication (1947) of the P and B medium, P and B with 10 per cent beef serum, and 
the sorbitan monooleate albumin medium of Dubos and iMiddlebrook They 
were dispensed m 5-mI amounts in 18-b3'-50-inm test tubes The subtdm was 
dissolved m water and passed through a Seitz filter The moculum was a 7-da> 
culture of H37Ilv m sorbitan monooleate albumm medium For the two en- 


TABLE 1 

Effect of suhhhn on growth of the 1137 RulubcTcle bacillus in four diffuLiit types of liquid nedia 
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• Turbid because of precipitation (ppt), but microscopic preparation reveals presence of 


many acid-fast bacilli 

nched media (sorbitan monooleate albumm and P and B wth beef serum), 0 I 
ml of the culture (about 0 03 mg, dry wt) was moculated mto each tube, twice 
this amount was used for the two synthetic media 
The results of these tests are presented m table 1 In the three mc-di i con 
tainmg no sorbitan monooleate, m which the growth was granular, subtdm 
very little inhibitory effect, even m concentrations of 100 or more pg per ml (a a 
umts per ml) In the sorbitan monooleate albumm medium, m w hich the gro . Iti 
was dispersed, 10 pg per ml inhibited growth for about 12 dajs, but then pr^ 
gressive turbidity appeared One hundred pg per ml prevented groAlli lor -• 

days 
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TABLE 2 


Effect of treatment with subtihn on guinea pig tuberculosis 
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* Each organ (liver, spleen, lungs, lymph nodes) was assigned a value from 0 to 4+ 
according to the amount of tuberculous disease present Figures in this column represent 
the total amount of disease, the maximum being 16+ for one animal 
t Average of those animals surviving at least 60 days after infection 


In VIVO results The effect of the same batch of subtihn on the course of tu- 
berculosis in gumea pigs was also tested Thirty-four gumea pigs, weighmg be- 
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tween 400 and 600_g, nere infected mth the H37Rv microorganism^ Uch 
animal received 0 05 mg (drj' wt) of microorganisms subcutaneouslj m the in- 
guinal region Ten animals were kept as untreated controls, and 2 1 w crc at irtctl 
on subtilm treatment 6 days after infection 

The subtilm was made up m distilled water m concentration of 5 mg per ml 
Each treated pig received 0 2 ml, or 1 mg, mtramuscularl> e\ ery 12 hours Vitor 
37 days of treatment the dose was mcreased to 1 7 mg every 12 hours, and after 1 1 
days of therapy the dose was mcreased agam to 2 0 mg every 12 hours Sev eiitj 
days after infection the experiment was tenmnated by sacrificing all surviving 
animals ” 

At autopsy each pig was rated as to the gross tuberculous disease present 
the spleen, hver, lungs, and lymph nodes were each given a v alue of from 0 to 
4+ , m a ki ng a maximum total of 16+ for each animal In table 2 are presented 
the results of this experiment It may be seen from the table that there was no 
significant difference m the amount of tuberculosis between the control and the 
subtilm-treated groups 


DISCUSSIOX 

The results herem described show that subtihn has only a very slight inhibitory 
effect on the growth of the H37Rv stram of the tubercle bacillus in fluid media 
without a dispersmg agent In the presence of sorbitan monooleatc, which pro 
duces a dispersed growth, the drug is moderately effective This confirms the 
observations of Knight and Tompsett (1948) 

Anderson and Wong (1946), Wong etaf (1947), and Farber et of (1918) define 
the minimal inhibitory concentration of subtilm for Mycobacleriutn tuberculosis iis 
approximately 2 5 to 5 0 pg per ml m sorbitan monooleate albumm medium 
The observation penod was limited to 21 days because subtilm is not stable in 
neutral solutions, losmg 68 per cent of its activity at 37 C at pH 7^ m G daj b, and 
57 per cent at pH 6 8 m 6 days (Dimick, Alderton, Lewis, Lightbody, and Fev old, 
1947) In the tests reported here, growth m 10 /ig of subtilm per ml was begin 
rung to appear at about the twelfth day Contnbutmg to the greater inlulntoiy 
effect found by Anderson and his group is the fact that the medium tbej uscil con 
tamed 0 05 per cent sorbitan monooleate, 0 15 per cent albumm, and no gluco-t, 
whereas m this laboratory the formula contains less sorbitan monooleate (0 02 iH.r 
cent), more albumm (0 5 per cent), and 0 2 per cent glucose In addition, there 
is as yet no standard subtilm preparation, and it is therefore difficult to comp ire 
results obtamed with different preparations 

Subtilm produced no significant effect on the tuberculosis of the guinea pigJ m 
eluded m this experiment The dosage used was close to the maximal tokrated 
dose for prolonged therapy with this preparation Progrcsaivc lo=d of weight w is 
produced by 4 0 mg (220 umts) per day, and it was deemed inadvisable to in- 
crease the dose further The same negativ e results hav e been obtained v itli mu 
(Kmght and Tompsett, 1948) and watb hamsters ( Vnder^on and Uong, 

The preparations of subtilm now av ailable hav e a v ery low =olubilil . in pii> o- 
logical sahne and m serum It has been found (W il-on, Lew i^, and IIumphrt,.i, 
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1948) that the drug is precipitated at the site of subcutaneous or intramuscular 
mjection and absorbed slowly In rabbits, up to 100 mg per kg mjected mtra- 
muscularly produced blood levels of no more than 2 parts per million (Wilson, 
Lewis, and Humphreys, 1948) This insolubility m physiological flmds im- 
doubtedly contnbutes to the poor results obtamed Other infections, however, 
such as pneumococcus, streptococcus, and anthrax, havebeen reported to respond 
very well to parenteral treatment with subtilm m gmea pigs and mice (Salle and 
Jann, 1946o,6,c) 


SUMMARY 

Subtilm had a moderate inhibitory effect on the growth of the H37Rv stram of 
the tubercle bacillus m sorbitan monooleate albumin liqmd medium, but very 
httle effect m the other three media that did not contam soibitan monooleate 
Subtilm did not influence the course of a tuberculous infection m gumea pigs 
produced by the H37Rv stram of the tubercle bacfllus 
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Streptomycin was reported as bemg bactenostatic and moderately bactericidal 
for Mycobacterium tuberculosis by Scbatz and Waksman (1944) These results 
were confirmed and extended by Youmans (1945), who reported that the drug 
was bacteriostatic at concentrations of 0 095 to 0 28 umts per ml and bactericidal 
at concentrations m excess of 50 umts per ml Additional confirmatory observa- 
tions have been reported (Smith and McClosky, 1945, Emmart, 1945, Wohnsky 
and Steenken, 1947) 

Youmans, Wilhston, Feldman, and Hmshaw (1946) and later Middlebrook and 
Yegian (1946) have shown that mycobacteria develop resistance to streptomycm 
m intro Youmans (1946) and Vennesland, Ebert, and Bloch (1948) have demon- 
strated that streptomycm-resistant strams are sensitive to para-ammosalicyhc 
acid (PAS), the antitubercular activity of which was first descnbed by Lehmann 
(1946), and later confirmed by Youmans (1946) and Sievers (1946) Strepto- 
mycm-resistant strams from tuberculous patients treated with this antibiotic 
have been isolated (Youmans et al , 1946, Youmans and Karlson, 1947, Youmans 
and Feldman, 1946, Sadusk and Swift, 1947, Pyle, 1947) and when inoculated into 
susceptible animals produced infections refractory to streptomycm therapy 
(Youmans and Wilhston, 1946, Steenken and Wohnsky, 1948) 

The prmciple of combmed therapy was recently revived by Ungar (1943), who 
demonstrated the synergistic action of para-ammobenzoic acid and sulfapyndme 
with pemcilhn upon bactena Carpenter, Babn, Ackerman, and Stokmger 
(1945) observed that Neissena gonorrhoeae exposed to a combination of four anti- 
bacterial agents failed to develop resistance, whereas resistance developed regu- 
larly on exposure to each drug alone Other mvestigators (Middlebrook and 
Yegian, 1946, Alexander et al , 1946, Kolmer, 1947, Franks, 1946, Klem and 
Kimmelman, 1947) have reported on the advantages of combmed therapy both 
%n intro and in invo The activity of PAS against M tuberculosis when combmed 
with streptomycm in intro has been reported to be additive (Vennesland, Ebert, 
and Bloch, 1948) An additive action was also obtamed when the drugs were 
used m combmation m animals infected with human tubercle bacilh (Youmans, 
Youmans, and Osborne, 1947, McCloskey, Smith, and Fnas, 1948) To supple- 
ment these observations, it was considered advisable to study what effect PAS 
might have upon the rate of mduced resistance of the tubercle bacillus to strepto- 
mycm in intro 
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AH.TERL1LS VN'D METHODS 

M tuberculosis, human t> pe, strain H37R\ ,» u is used la the teat org inMn the 
stram had been mamtamed b3 monthlj passage on Petriginni'a medium ’ VII 
tests Merc peiformed m sorbitan nionooleite albumin medium prcpired is do- 
senbed by Dubos and Davis (191G) 

Streptomycm hydrochloride (Merck) was used m this studj since, it high con- 
centrations, this form of streptom3''cin did not produce a precipit itioii m the tc>t 
medium such as that observed when streptom3cm calcium chloride complov w c^ 
utihzed The streptomycm was dissohed in distilled water at high concciitn 
tions and sterilized by Seitz filtration Sodium para-ammos dic3 1 ito w is db 
solved m distilled water and the solution sterilized by Seitz filtr vtion Vppro- 
pnate dilutions and combmations of streptomycm and PiVS were made m Dubos’ 
medium 

The mocula for all tests were standardized m 19-b3’'-lo0-nnn cu\ ettca to i don 
sity penmttmg 89 to 91 per cent transmission of light at 620 m/i with a Coloni in 
(model 6A) spectrophotometer This suspension w-as diluted onelold, ind I ml 
of the dilution was used as moculum for each tube containing 9 ml of drug me- 
dium The final moculum contamed approxunately 5 X 10* to 5 X 10’ \ i ible 
cells as determmed by the tube chlution method The inhibiting concentration 
of the drug or drugs was taken as the lowest concentration that produced com- 
plete inhibition of growth after an mcubation period of approvim Ucly lb d 13s 'it 
37 C 

Resistance was developed by transfer of the culture that had grow n to the re- 
quired turbichty (89 to 91 per cent transmission), m the maximum amount ot 
cirug, to a fresh senes of tubes contammg graded concentrations of the drug by 
observmg the results of such experiments the rate of development of resistance b} 
iljf tuberculosis could be studied 


RESULTS 

The mitial sensitivity of M tuberculosis (H37Rv) to streptomycin, under thcbo 
conditions, was 0 8 imits per ml Repeated exposure to the antibiotic caused a 
slight mcrease m resistance, approximately threefold, during the first 30 6133 
(figure 1) Subsequent exposure produced a rapid increase m resist ince to a 
level greater than 20,000 units per ml over a period of 80 days This lev el repre- 
sented an mcrease in resistance of at least 2,500-fold 

When the test was repeated, results differmg only slighly from those originally 
obtamed were observed Resistance developed at the same rate during the first 
30 days of exposure, then mcreased at a rate somewhat slower tlun in the prev lous 
ex-penment The final inhibiting concentration was greater than 10,000 units 
per ml after a total of 120 days of exposure 

Under our test conditions the parent stram of 3/ tuberculosis w cs inhibited i>j 
1 0 mg per ml of P-VS This concentration is considerably higher th in th it r> - 
ported by other investigators (Youmans, 19 IG, Vcniicoland, Ebert, uid IJbK 1, 

» Obtained from Dr W Steenken, Jr , of the Trudeau louudaliun, aarauac U'.., N<. r 
York 
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1948, Sievers, 1946) and can probably be explamed on the basis of the size of the 
inoculum Based on tests m which a given numbei of organisms is used, a 10- 
fold mcrease m the number of bactenal cells has been reported to require a 100- 
fold mcrease m the quantity of PAS needed to mhibit growth (Vennesland, Ebert, 
and Bloch, 1948) Exposure of the tubercle bacilh to PAS for a period of 120 days 
failed to produce an mcrease m their resistance to this antitubercular agent In 
this respect the effects of PAS, when used alone, differed considerably from the re- 
sults obtamed with streptomycm 
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Figure 1 Induced in vilro resistance of M tuberculosis (H37Rv) to streptomycin, PAS, 
and a combination of streptomycin and PAS The results of the experiment using com- 
bined exposure are presented on the basis of the streptomycin content 


When the sensitivity of the parent culture of H37Rv was determined m the 
presence of both streptomycm and PAS, it was observed that a combmation of 
0 6 umts of streptomycm plus 0 3 micrograms of PAS per ml inhi bited growth 
Repeated exposure, mamtammg the same ratio of drug concentration throughout 
and usmg as moculum the tube contammg the ma ximum concentration m which 
the required growth had occurred, faded to produce any great change m resist- 
ance At the conclusion of 120 days of exposure to the combmed action of the 
drugs, the culture was inhibited by 1 umt of streptomycm plus 0 5 micrograms of 
PAS per ml It is noteworthy that the concentration of PAS used m combma- 
tion with streptomycm represents only 1/2,000 of the mhibitmg concentration of 
this substance when used alone 
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Since the possibihty existed that the streptomycin-resistant variants were beine 
inhibited by the PAS in the combmation, it was considered of interest to de- 
tenmne whether the stram that had been exposed to the action of both drugs sub- 
sequently retamed its sensitivity to streptomycin or to PAS when used smelly 
The results of these experiments mdicated that the culture previously exposed 
to the combmation was thereafter sensitive to streptomycm when used alone, 
smee inhibition of growdh occurred at a concentration of 0 8 vmits per ml Para- 
ammosaheyhe acid used alone was also effective and inhibited growth at 0 5 mg 
per ml It was therefore apparent that the combmation of PAS and streptomy- 
cm had prevented the development of streptomycm resistance These results 
are presented m table 1 

The streptomycin-resistant stram of H37Rv was tested for sensitivity to P.IS 
and found to be inhibited by 0 5 mg per ml These results confirm the conclu- 
sions of other mvestigators (Sievers, 1946, Yomnans, Youmans, and Osborne, 
1947) that streptomycm-resistant tubercle bacdli are sensitive to PAS The 

TABLE 1 


The action of para-amtnosalicyltc acid in preventing the development of resistance 

to streptomycin 


ST£AIN 

D£UO 

1 

IHITlAl SENSmVJXY 
(COKCSmSATIOil PER i 

NO oy 
DAYS ' 

INmUmNO CONCENTE.mO'l 
AJTEE EXPOSOIE 

va) 

1 

EXPOSED 

1 

Streptoinycm uiuU 
per ml 

TAS per 

H37Rv 

Streptomycm 

0 8 umts 

120 

10,000-20,000 

0 5 

H37Rv 

PAS 

1 0 mg 

120 

0 8 

1 0 

H37Rv 

Streptomycm 
plus PAS 

0 6 umts 

0 3 nuorogram 

120 

0 8 

1 

1 0 


bacteiial stram that was exposed to PAS and failed to mcrease m resistance to 
this agent was found to have the same sensitivity to streptomycm as the unex- 
posed parent stram 


DISCUSSION 

The development of drug fastness durmg streptomycm therapy in tuber- 
culosis causes the administration of the antibiotic thereafter to be of question 
able value Smee the degree to which resistance occurs does not permit com- 
pensation by correspondingly mcreased dosage, any relatively nontoxic agent 
that would reduce or prevent the development of streptomycm resistance would 
probably unprove the clmical value of the antibiotic PAS appears to be such 
an agent This compound at relatively low concentrations appears to offer 
pronuse as an agent that might prevent in vivo the development of resistance to 
streptomycm by the tubercle bacillus When used m such a way as to raam- 
tam high concentrations, it may exert a therapeutic action m human tuberculosis 
when resistance to streptomycm has developed Smee streptomycm resistance 
IS rarely mduced m animals, it is difficult at present to test this hypothesis by 
animal experimentation 
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The results of these in vitro experiments suggest the advisabihty of detenmn- 
mg whether the administration of PAS with streptomycm m the treatment of 
human tuberculosis will prevent the development of streptomycm resistance or 
effect a satisfactory chmcal improvement once resistance has occurred 

SUMMARY 

Mycobacterium tuberculosis, stram H37Rv, develops resistance to streptomycm 
in vitro when exposed to mcreasmg concentrations of the antibiotic 
The streptomycm-resistant stram of H37Rv retamed its sensitivity to PAS 
Repeated exposure of M tuberculosis to PAS for 120 days failed to produce 
an mcrease m the resistance of this stram 
The addition of relatively low concentrations of PAS to streptomycm (ap- 
proximately 0 5 micrograms to 1 umt) prevents or greatly retards the in vitro 
development of streptomycm resistance 
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During the past few years several reports have been published on the nitrogen 
and ammo acid requirements of various anaerobic orgamsms Probably the 
first anaerobic sporeformer on which nutntional work was done was Clostridium 
sporogenes Knight and Fildes (1933), Fildes (1935), Fildes and Richardson 
(1935), and Pappenheimer (1935) found that this organism could be grown m a 
medium contammg salts, a source of carbon, and known ammo acids when the 
“sporogenes vitamm” was present Oxford, Lampen, and Peterson (1940) and 
Rubbo, Maxwell, Fairbndge, and Gillespie (1941) found that Clostridium aceto- 
butylicum would grow m a medium contammg ammomum sulfate and asparagme, 
or asparagme alone, provided the proper vitamm supplements were supphed 
Davies and Stephenson (1941) studied the nutntional factors necessary for the 
production of solvents m a simphfied medium by this organism 

Considerable difference m results has been reported for Clostridium botuli- 
num Burrows (1933) and Ehrismann (1937) cultivated certam strains of this 
orga nism m a simphfied medium contammg ammo acids, glucose, and morganic 
salts Other workers, Fildes (1935), Knight (1936), Elberg and Meyer (1939), 
and Clifton (1940), were unable to confirm these results The latter work, how- 
ever, mdicated that the ammo acid lequirements for Clostridium botulinum are 
similar to those of Clostridium sporogenes Recently Mueller and Miller (1942) 
and Feeney, Mueller, and IVIiller (1943 a, b) have reported the ammo acid re- 
quirements for Clostridium tetani 

No report has been found on the ammo acid and mtrogen requirements of 
thermophihc anaerobes In a previous paper Clark and Mitchell (1944) re- 
ported the vitamm reqmrements of Clostridium thermosaccharolyticum when 
grown m an acid-hydrolyzed casern medium The foUowmg study mvolves the 
replacement of hydrolyzed casern with amin o acids or other chemically defined 
nitrogen sources 


METHODS 

The culture used for this work was a thermophihc anaerobe, Clostridium 
thermosaccharolyticum, no 3814, obtamed from the National Canners Associa- 
tion The culture medium usually used for this organism is hver mfusion broth, 
but it was found to grow readily m the medium described m a previous paper 
(Clark and Mitchell, 1944) The origmal moculum for this work was prepared 
by growmg the organism m this hydrolyzed casern medium, however, m later 
work ammo acid media were used The moculum was prepared by mcubatmg 
a culture for 48 hours at 55 C The culture was centrifuged and w ashed with 
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water, and the cells from 10 ml of medium were suspended m 100 ml sterile 
water One ml of this suspension, mtroduced mto the bottom of each tube, was 
used as an moculum To ensure anaerobic conditions, a nail that had been treated 
with concentrated HCl and washed to remove acid, was added to the amino acid 
medium ]ust before sterilization After moculation the tubes were meubated 
72 hours at 55 C The results are recorded m ml of n/ 10 NaOH reqmred to neu- 
tralize the acid produced 

In early experiments various ammo acid media that have been suggested for 
the growth of other organisms were tried The medium of Dunn and Shankman 
(1944) for Lactobacillus arabtnosus, McMahon and Snell’s (1944) medium for 
Lacldbacillus cacei, and the Dunn et al (1944) medium for Lsuconostoc ines&n- 
teroides, as well as a medium contaimng 19 ammo acids added m amounts and 
proportions based on the published ammo acid analysis of casern, were tried 
After 72 hours’ mcubation, the titration m hydrolyzed casern medium was 9 0 
ml of n/10 NaOH The titrations on the other media were as follows L 
arabinosus medium 3 2 ml, L caset medium 7 0 ml, Leuconostoc mesenieroides 
medium 8 7 ml, and the ammo acid mixture 1 7 ml Smee the medium proposed 
for Leuconostoc mesenteroides gave a titration s imil ar to that of hydrolyzed casern, 
the ammo acid and ammonium salt concentration of this medium was chosen as 
the basis for the foUowmg work 

For determining requirements, the ammo acids were divided mto 8 groups as 
follows (1) alamne and glycme, (2) valme, leueme, and isoleucme, (3) serine and 
threonme, (4) cystme and methionme, (5) aspartic acid and glutamic acid, (C) 
prohne and hydroxyprohne, (7) phenylalanme, tyrosme, and tryptophan, and 
(8) ar ginin e, lysme, and histidme They were added to a basal medium having 
the foUowmg composition per 100 ml, double strength glucose 4 0 g, sodium 
acetate 3 2 g, uracil 2 0 mg, salts A and salts B, 1 ml each, thiamine, nicotinic 
acid, and calcium pantothenate 20 micrograms each, p-ammobenzoic acid 5 
rmcrograms, and biotm 0 02 nucrograms, with water to make 100 ml The re- 
action was adjusted to pH 6 6 to 6 8 The ammo acids were added to this basal 
medium at the same rate as suggested m the medium proposed by Dunn, Shank- 
man, and Camien (1944) Smee this medium for Levconostoc mesenieroides 
contamed, besides the ammo acids, mtrogen m the form of NH*C1, this source of 
nitrogen was also tested In this work (NHi) 2 S 04 was used as a source of am- 
moma It was added m a concentration of 0 3 per cent Higher concentra- 
tion gave no better results 


RESums 

A senes of media were prepared to determme the effect of omittmg various 
groups of ammo acids on the growth and acid production of the organism A 
medium contammg ammomum sulfate with all 19 ammo acids and a hj droiyzed 
casern medium were run as controls The results are recorded m table 1 
These results mdicate that this organism reqiures cystme, methionine, and 
(NH 4 )'»S 04 a low titration resulted when the two sulfur-contaimng ammo 
acids were omitted When aU ammo acids were present but no (NHO-SO, nas 
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added, the titration was also low Ammonium sulfate, however, by itself, can- 
not serve as the only mtrogen source for this organism Titrations when vahne, 
leucme, and isoleucme were omitted were never qmte so high as when they were 
mcluded 

Smce cystme, methionme, and ammomum sulfate are required m amm o acid 
mixtures for maximum growth, the relationship between these three mtrogen 
compounds was tested The basal medium with ammomum sulfate as the only 
mtrogen source gave a titration of 1 0 ml n/10 NaOH When cystme at the rate 
of 2 mg per tube was added m addition to the ammomum sulfate, the titration was 
mcreased only to 1 25 ml If a combmation of ammonium salts and methionme 
(2 mg) per tube was used, the titration mcreased to 4 30 ml A combmation of 
ammomum sulfate, cystme, and methionme m the foregomg concentrations gave 


TABLE 1 

Effect of removal of groups of amino acids from a complete amino acid mixture on 

acid production 



uEDnac 

TKEATUEMT 

MI. h/lO ACID PSODDCED 

Basal + (NHiliSOi plus all 19 ammo acids 

9 82 

tt 

** ** minus 

alamne, glycme (group 1) 

9 95 

t( 

a ft 

valme, leucme, isoleucme (group 2) 

8 80 

4t 

ft ft ft 

serme, threomne (group 3) 

10 10 

it 

ft it tt 

cystme, methionme (group 4) 

0 90 

tt 

(( tt tt 

aspartic acid, glutamic acid (group 




5) 

9 50 

tt 

if tt tt 

prolme, hydroxyprolme (group 6) 

10 00 

tt 

tt tt tt 

phenylalamne, tyrosine, tryptophan 




(group 7) 

9 SO 

ft 

it tt tt 

arginine, lysine, histidine (group 




8) 

10 00 

ft 

— (NH 4 ) 3 SOi plus all 19 ammo acids 

3 60 

ft 

+ (NH4)iS 04 minus all 19 ammo acids 

0 90 

Hydrolyzed casein medium 

9 80 


a titration of 5 50 ml Thus it appeared that the addition of cystme to the basal 
medium containing ammomum sulfate does not support much more growth than 
ammomum sulfate alone Methionme gave better but not maximum growth, 
whereas a combmation of the two gave better growth than either alone The 
addition of hydrolyzed casern to the ammomum salt, cystme, and methionme 
combmation gave a titration of 10 4 ml of n/10 NaOH, which mdicated that the 
foregomg combmation was not the complete requirement of Clostridium thermo- 
saccharolyticum Increasmg the amount of cystme and methionme to as high 
as 6 mg of each per 10-ml tube did not mcrease the titration over that obtamed 
from the combmation of 2 mg per tube used above 

Smce ammomum salts, cystme, and methionme did not give Tnaximiim growth, 
the ongmal basal medium was modified by the addition of (NH 4 ):S 04 0 3 per 
cent, cystme 20 mg per cent, and methionme 20 mg per cent To this new basal 
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medium was added each group of the ammo acid This basal medium ga\ e a 
titration of 5 30 ml n/ 10 NaOH The check medium contammg all the ammo 
acids and ammomum sulfate gave a titration of 10 4 ml The basal medium as 
described above, with the addition of valme, leucme, and isoleucme (group 2 
ammo acids), gave a titration of 10 6 ml None of the other groups of ammo 
acids added gave titrations above 6 ml It appeared from these results that 
vahne, leucme, and isoleucme were the ammo acids supphed by the hydrolyzed 
casern and were the only representatives of the 19 tested besides cystine and 
methionme that were required m the ammo acid medium 
To test the relationship between valme, leucme, and isoleucme, these ammo 
acids were added smgly and m combinations, usmg the medium contaming ani- 
momum sulfate, cystme, and methionme (basal 2) The results are presented in 
table 2 


TABLE 2 


Response of Closlridtum thermosaccharolylicum to laline, leucme, and tsoleucine 


HEDHTU A-UhO ACID ADDED 

ML K/10 acid produced 

Basal 2 None 

T 2 

Basal 2 isoleucme 1 5 mg per tube 

10 4 

Basal 2 -f valme 1 5 mg per tube 

10 2 

Basal 2 -f- leucme 1 0 mg per tube 

10 1 

Basal 2 isoleucme -f valme 

10 5 

Basal 2 -t- leucme -f valme 

10 6 

Basal 2 + isoleucme + leucme + valme 

Basal 2 + isoleucme -r leucme valme + other It ammo 

10 5 

acids 

10 C 


Although the end titrations with these three substances, alone and in combination, were 
about the same, the rates of growth and fermentation were faster when the three were com 
bined (see text) 


Isoleucme, leucme, and vahne, tested alone, gave practically identical titra- 
tions after 72 hours’ mcubation A combination of these three gave only shghtly 
higher results Observations of turbidity and gas formation as well as titrations 
m 24 hours mdicated very httle growth m this time when the smgle ammo acids 
were added With combinations, as mdicated above, growth and gas formation 
were well started m 24 hours 

Tests to determme whether cystme could replace methionme mdicated that 
even with a combmation of cystme, valme, isoleucme, and leucine, the titration 
was no better than with cystme alone The addition of methionme to this muc- 
ture gave maximum titrations Methionme alone and m combmation with 
vahne, leucme, and isoleucme gave good grovdh and acid production, but the 
addition of cystme always mcreased the growth and titration Thus both c>s- 

tme and methionme appear to be required * i 

To study substances that might replace several amides were ca e ^ 

These were compared vath similar ammo acids For this comparison e con 
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centration of (NH 4 ) 2 S 04 was decreased m order to add it in an amount equiv- 
alent to the amide nitrogen content of the amides The concentration of each 
substance tested was adjusted so that it contributed 1 06 mg of mtrogen, as 
(NHilaSOi or amide mtrogen, per 10-ml tube In the case of ammo acids, equiv- 
alent amounts of nitrogen were added The amides and ammo acids were 
sterilized by filtration Tests on the filtrates usmg Nessler’s reagent mdicated 
no free ammoma from asparagme, urea, propionamide, or acetamide Gluta- 
mine gave a slight test for free ammonia The medium used was the same as 
basal 2 with (NH 4 ) 2 SOi omitted The results are given m table 3 

Glutamine was most readily ut±zed as a replacement for ammomum salts 
When added m equivalent amounts it gave titrations equal to those when am- 
momum salts were used Asparagme gave approximately half-maximum results 
Increasing the amount of asparagme threefold gave less than 1 ml mcrease m 
titration It appears from these results that aspartic acid, glutamic acid, and 

TABLE 3 


Comparison of amides and amino acid as substitutes for as a nitrogen source for 

Clostridium thermosaccharolyticum 


UEDHTU 

NITROGEN SOURCE ADDED 

ML N/10 acid produced 

Modified basal 2 

None 

2 3 

<< 

(NHilsSO* 

9 2 

it 

Asparagine 

6 6 

t< 

Aspartic acid 

3 6 

it 

Glutamine 

9 5 

(t 

Glutamic acid 

3 7 

t( 

Propionamide 

2 5 

(t 

Alanine 

2 2 

H 

Acetamide 

2 5 

n 

Glycine 

3 4 


Urea 

2 8 


glycme give shght stimulation m acid production They do not, however, sub- 
stitute for ammomum sulfate None of the other compounds were utilized as 
nitrogen sources They seemed not to be toxic, for, even when the amounts used 
were mcreased, the addition of ammonium sulfate resulted m normal growth and 
maximum titration 


DISCUSSION 

The mtrogen requirements for Clostndium thermosaccharolylicum can be satis- 
fied by ammomum suKate, methionme, cystme, and a combmation of vahne, 
leucme, and isoleucme The last three ammo acids are similar m configuration 
This organism does not seem to be able to synthesize this type of ammo acid 
rapidly enough for maximum growth When these ammo acids are added to 
the medium mdividually, total acid production m 72 hours is equal to that of a 
complete medium, however, the rate of acid production durmg the first 24 to 48 
hours IS retarded 
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Ammomum salts are a requirement under the conditions of this test In a 
complete ammo acid medium with ammomum salts omitted, growth as measured 
by acid production is markedly decreased An mcrease m the amounts of amino 
acids added to the medium did not mcrease the acid production One ch ir- 
actenstic of this organism is its sugar-decomposmg ability From the results 
of this work, it seems not to have the ability to deammate ammo acids readih 
to obtam the ammonia needed 

Both cystme and methiomne are requirements of this organism Attempts 
to replace either of these sulfur-contauung ammo acids by increased amounts of 
the one under test resulted m poor growth and poor acid production Better 
growth was obtamed when methionme was supplied alone than when cystine 
was added alone 

Glutamme when added m proper concentration was as readily used as a 
mtrogen source as a mm omum sulfate Asparagme could only partially replace 
the ammomum salts as a source of mtrogen, even when added m amounts equiv- 
alent to three times that of ammomum sulfate That the amide nitrogen was 
utilized was mdicated by the fact that substitution of glutamic or aspartic acid in 
the medium failed to give the response in growth and acid production produced 
by their amides This organism was unable to utilize the nitrogen from aceta- 
mide, propionaimde, or urea These substances were not toxic m the amounts 
used smce the addition of ammonium sulfate permitted maximum acid produc- 
tion by this organism 


SU3QIARY 

The nitrogen requirements of Closlndium Ihermosaccharolyhcum, when groira 
m the synthetic basal medium descnbed, can be supphed by ammonium sulfate, 
methiomne, cystme, and a combination of valme, leucme, and xsoleucme 

Both cystme and methiomne are required for maximum growth of this organ- 
ism 

Glutamme can replace ammomum sulfate as a mtrogen source when supphed 
m sufficient amounts Asparagme can only partially fuffill this requirement, and 
propionamide, acetamide, and urea are not used as mtrogen sources 
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THE GROWTH OF HUMAN PLEUROPNEUMONIALIKE 
ORGANISMS IN A SIMPLIFIED FLUID MEDIUM 
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The pleuropneumonia orgamsms isolated from the human are extremely fas- 
tidious m their cultural requirements A high concentration (20 to 40 per cent) 
of ascitic fluid or serum has been considered a necessary constituent of the me- 
dium for the mamtenance of growth (Klemeberger J ' Hyg , 38, 438, 1938, 
Dienes et al New Eng J Med , 238, 509, 1948) Although human strams of 
pleuropneumomahke orgamsms produce a typical growth on sohd media, the 
growth IS very scanty m broth culture (Dienes J Bact , 60, 441, 1945, Warren 
and Sabm Proc Soc Exptl Biol Med , 61, 24, 1942) Variations m growth 
also occur with different batches of serum (Edward J Gen Microbiol , 1, 238, 
1946) 

A fluid medium without serum or ascitic fluid was devised that mamtains 
growth of pleuropneumomalike organisms of human origin The composition 
of this medium is as follows 


Beef heart mfusion (Difco) 

Bovine hemoglobin (added stenlely) 
Cysteine 1 

Thioglycolio acid [added stenlely 
Glutathione J 


2 5 per cent 

0 02 “ “ 

01 “ “ 

0 1 “ “ 

01 “ “ 


This medium was adjusted to pH 8 0 The sterile hemoglobm solution was 
prepared by suspendmg 250 mg of Armour hemoglobm in 20 ml of distilled water, 
adjustmg to pH 7 8 to 8 0, and dilutmg to a final volume of 25 ml with water 
This solution was filtered through a stenle Seitz filter pad overlaid with a layer 
of “super cel” (ManviUe) filter aid The reducmg substances were prepared as 
one stenle solution by dissolving 250 mg each of cysteine, glutathione, and 2 5 
ml thioglycohc acid m 25 ml of water and adjusting to pH 7 0 Stenle filtration 
was effected by use of a fritted glass filter (Commg) 

The broth tubes were inoculated by dropping an agar block of a 72-hour cul- 
ture m each tube These tubes were mcubated at 37 C for 48 to 72 hours before 
subcultunng a small amount of sediment Transfer of sediment could be 
achieved by pipette without centrifugation 
Several strams of pleuropneumomahke orgamsms of human ongm,^ 3 strams 
from human males and 4 strams from human females, were cultured in the me- 
dium Growth appeared m 48 hours at the bottom of the tube as a granular 

^ We are indebted to Dr Louis Dienes of the Massachusetts General Hospital for cultures 
of the pleuropneumomalike strains of human origin used in this study 
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sedment Such growth was mamtamed through 10 subcultures The licrao- 
gobm m the medium hkewuse may sediment on standing or on incubation at 37 C 
The orgamsms then form colonies of “large bodies” on the sediment Upon 
agmg of the broth culture, grow th also forms along the sides of the tube Tins 
type of growth differs from that observed in ascitic fluid or serum broth medium 
m which the “large bodies” do not form colomes Positive identification of or- 
gamsms thus earned m broth culture was made by streaking a drop of such a 
culture on ascitic flmd solid medium The colonies so obtained were typical m 
morphological characteristics 


A METHOD FOR CULTIVATING HEMOPHILUS INFLUENZVE 

H RITTER 

Deparimenl of Bacteriology, Research Laboratories of The U'hi S Merrell Company, 

Cincinnalt, Ohio 

Received for publication January 27, 19-19 

The “satelhte phenomenon” of Hemophtlus influenzae (Grassberger Zentr 
Bakt Parasitenk , I, 23, 353, 1898, Neunier Compt rend soc biol , 60, 0-12, 
1898) 13 well known and needs no further elucidation here It was thought that 
perhaps this phenomenon could be utilized m the routine cultivation of the or- 
gamsms m relatively large amounts, thus ehminating the somewhat laborious 
task of preparing extracts of blood, yeast cells, etc , to obtain the X and V factors 
necessary foi groivth The method described herein requires no special appa 
ratus or matenal 

Four-hter bottles were used as culture containers and were fitted with rubber 
stoppers bored to permit the close-fittmgmsertion of two glass tubes (15 mm 0 D 
by 125 mm) A cellophane tube* approximately 200 mm in length, such as is 
used for dialysis, was secured to one of the glass tubes by means of a light cord 
Several knots were tied at the open end of the cellophane tube, thus forming a 
“bag ” 

The medium employed consisted of proteose peptone (Difco), NaCl, gluooac, 
and NaNOs Three hters of this medium were prepared for each bottle, using 
100 ml of this amount to fill the cellophane bag The remainder of 2,900 ml was 
placed m the bottle The stopper containmg the glass tubes and the cellophane 
bag of medium was mserted mto the bottle alloiving the bag to extend down into 
the medium -within the bottle The stopper may be secured in the neck of the 
bottle either by winng or by tymg -with cord The neck of the bottle and the 
stopper were covered wnth gauze to lessen the chances of contamination Murai- 
num caps were used to cover the tubes extending out of the bottle, instead of 
cotton plugs Stenhzation was effected by autoclaving for 30 minutes at 1 j 
pounds pressure 

‘ Euner and Amend no 8-667— IJ inch diameter cellophane tubing 
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After stenbzation and subsequent cookng to 37 C, the cellophane bag was 
inoculated with 5 ml of a 16-hour broth culture of Staphylococcus aureus This 
was mcubated for 7 hours and then 5 ml of a suspension, containmg thoroughly 
“washed” (broth) viable H mfluenzae, tjqie a, cells, were added to the sterile 
medium surroundmg the cellophane bag culture of the staphylococcus This 
was then mcubated at 37 C for 16 hours and the growth then observed for punty 
both by gram-stained preparations and by the use of specific t3q)mg serum 
(Quellung reaction) Although no counts were made on the H tnHuenzae culture 
used with this method, the observed growth of the culture was considered lux- 
unant Control bottles prepared usmg the same medium but cont ainin g no 
Staphylococcus aureus failed to grow when moculated at the same time with an- 
other 5-ml portion of the same washed suspension of H influenzae 
This method of cultivatmg H influenzae m the absence of the usual added 
growth factors has been successful m our expenence A sufficient number of 
tests have been conducted to estabhsh the satisfactory reproducibihty of the 
method , 


A SLIDE-COVER-GLASS AIETHOD FOR CULTIVATING AND 
COUNTING ANAEROBES* 2 

KEITH H STEINKRAUS aot> JOHN C AYRES 
Bacteriology Section, Iowa Agricultural Experiment Station, Ames, Iowa 

Received for publication February 2, 19-19 

This method was developed to permit the handling of anaerobic cultures and 
to enable microscopic study m air without inhibitmg future growth or poisonmg 
the vegetative cells Although ordmary anaerobic platmg methods can be adap- 
ted to this purpose vith difficulty, use of the shde-cover-glass method permits 
contmuous observation of the entue life cycle on the same cells under natural 
conditions 

A simple but effective anaerobic growth chamber was developed by puttmg a 
sterile shde on a wamung table, placmg the inoculum and medium on the shde, 
covermg the mixture with a stenie cover glass, seahng the edges of the cover 
glass to the shde with paraffin after the agar was allov ed to harden, and then in- 
cubatmg 

Microscope shdes and cover glasses uere stenhzed by imm ersing m alcohol, 
draimng, and flaming After stenhzation the shde was placed on a wamung table 

' This paper reports research undertaken in co-operation w ith the Quartermaster Food 
and Container Institute for the Armed Forces, and has been assigned number 169 in the 
series of papers approved for publication The views or conclusions contained in this 
report are those of the authors They are not to be construed as necessarily reflecting the 
views or having the indorsement of the Department of the Army 

‘ Journal Paper No J-1577 of the Iowa Agricultural Experiment Station, Ames, Iowa, 
Project No 1017 
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and liquid agar was added to an area not larger than the cover glass to be iibcd 
If vegetative cells were to be transferred, the temperature iias maintauieci at 
40 to 45 C When workmg with spores, temperature control vas not so cntic il 
Fluid thioglycolate medium( Difco-landen), in which the agar content was raiic*! 
to 1 5 per cent, proved a desirable substrate, but other clear media containing 
sufficient reducmg agent also were satisfactory After admixture of the inocu° 
lum and substrate the cover glass w as placed on the culture medium 'WTien the 
total volume of moculated medium used was 0 3 ml, it was observed that capil- 
lary action between a shde and a cover glass 22 mm square tended to retain the 
medium withm the enclosed area The shde was removed from the warming ta- 
ble to allow the agar to sohdify, then the edges were sealed to the shde wnth hot 
paraffin apphed with a camel’s-hair brush The shde w as then mcubated From 
time to tune shdes were placed under the microscope and observations made 
of the various stages of the growth cycle 

Vanous anaerobic bactena w ere tested for germination, growth, motihtj , and 
spore production All of those tested germmated readily and produced abun- 
dant growdh withm 20 hours at 37 C The followmg anaerobes were tested 
Clostridium hotuhnum A, C hoiulinum B, putrefactive anaerobe 3679, C lifer- 
mentans, C novyt, C Mam, and C perfnngens 

It was possible by usmg a microscope to count colomes on slide-cover glass 
cultures m approximately 12 hours or m half the tune requued to obtam visual 
counts on plates prepared by the Krumwiede and Pratt method (Tanner Prac- 
tical bactenology, 116, 1933) By dilution of the spore suspension in tubes of 
the medium and the use of ahquots of this on the shdes, microscopic counts in 
12 to 16 hours were approximately 50 per cent of those on the control plates m 
48 hours 

The formation and position of spores m the older cells were easy to detect 
without resortmg to special stammg procedures and wnthout mterrupting the 
normal growth cycle of the younger cells Also, it was possible to detennme 
motdity of the cells In order to make this observation on media contammg 
1 5 per cent agar, apphcation of shght pressure on the cover glass to free some of 
the cells from a colony was required This procedure apparently broke the gel 
sufficiently to permit an active display of motihty Usmg broth type media, 
motihty was observed without any special procedure 



THE INHIBITION OF GROWTH OF ESCHERICHIA COLI BY 
SOME DERIVATIVES OF UREAi 

I M KLOTZ AND MARGARET MELLODY 
Department of Chemistry, Northwestern University, Evanston, Illinois 

Received for publication February 7, 1949 

The antibactenal action of urea and several of its derivatives has been the sub- 
ject of numerous investigations (Weinstein and McDonald, 1945, Wemstem, 
1948) Whereas urea itself is inhibitory to growth at concentrations of several 
per cent, some of its alkyl carbamate denvatives show bacteriostatic powers m 
quantities of the order of tenths of a per cent In general in this senes of com- 
pounds, inhibitory activity increases with cham length (Wemstem, 1948), a be- 
havior that parallels their ability to be bound by and to denature protems 
(Klotz, Tnwush, and Walker, 1948) It seems likely, therefore, that the anti- 
bacterial properties of these substances are due to their general denatunng ef- 
fects In view of this method of action, it is not surpnsing that relatively high 
concentrations of agent must be present before bactenostatic activity is observed 

There are also some compounds related to urea, such as mtrourea and S- 
methylisothiourea, that possess the umque property of reactmg with anune 
groups at room temperature and at pH’s near neutrality These substances 
might be expected to show antibactenal properties at relatively low concentra- 
tions, smce they could mterfere with enzyme systems m the microorganism, 
which require an mtact amme group The effects of these substances on the 
growth of Escherichia coh has therefore been exammed 

EXPERIMENTAL ilETHODS 

All of the data reported here have been obtained with a culture of Escherichia 
coh that came ongmally from the Northwestern University Medical School 
The bactena were grown overnight on nutnent agar (Difco) and were then sus- 
pended in the synthetic medium described by MacLeod (1940) Growth was 
followed by turbidity measurements m a Hellige-Diller photoelectric colonmeter 

0 

II 

Nitrourea, O 2 N— NH— C— NH 2 , was prepared by Mr Frank Tietze of this 
laboratory from urea nitrate by the method of Davis and Blanchard (1929) and 
converted to the sodium salt by the procedure of Thiele and Lachman (1895) 

NH 

II 

S-methylisothiourea, CH3— S— C— NHa, as its sulfate salt, was generously 
supplied by Dr Walter Nudenberg of the University of Chicago All other 
urea compounds were commercial samples of high punty Stock solutions of 

J This investigation was supported by a grant from the Office of Naval research, U S 
Navy 
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each of the urea denvatives were adjusted to a pH between 7 and 8 before 
they were added to the culture medium 

RESULTS AND DISCUSSION 

Nitrourea has been found by Davis and Blanchard (1929) to react readily 
with a wide vanety of organic ammes at room temperature In addition, m 
this laboratory, F Tietze has found this compound to be an inhibitor of the suc- 
cmic dehydrogenase enzyme system It was not surprismg, therefore, when it 
was found that mtrourea has a pronounced effect on the growth of Escherichia colt 
The pertment data are summarized m figure 1 It is apparent that significant 
inhibition of growth is obtamed at concentrations as low as 10 mg per cent and 
that complete inhibition is mamtamed, throughout the S-hour period of ob- 
servation, at concentrations of 50 mg per cent 



Figure 1 Effect of mtrourea ou growth of Escherichia coli at 37 C Counta (turbidity 
measurements) are given in billions per ml 

For purposes of comparison, growth curves were also obtamed with urea and 
with urethane, and the results for a smgle tune mterval are summarized in table 
1 In the case of urea, even with concentrations as high as 500 mg per cent, 
only shght inhibition of growth was obtamed Similarly the effect of urethane 
at 500 mg per cent was small, although slightly greater than that of urea, as 
one might expect from its mcreased molecular weight Thus, each of these sub- 
stances exhibits an activity m the neighborhood of that exerted by 10 mg per 
cent of nitrourea, m other words, nitrourea is about 50 times more active than 
either urea or urethane 

S-methylisothiourea is also known to react imder relatively mild conditions 
with amine groups m polypeptides (Chnstensen, 1945) and m proteins (Schuttc, 
1943) The action of this substance as its sulfate salt was exammed also, again 
with E coh As the results m figure 2 illustrate, only minor inhibition of grow th 
was obtamed at a concentration of 50 mg per cent, but substantial antibactcru 
properties were exerted in 100 mg per cent solutions 
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Since thiourea, H 2 N— C— NH 2 , might be formed from the S-methyhsothi- 
ourea, particularly m the presence of metabolizmg organisms, it seemed desirable 
to examine the effect of this simpler compound also As the data m table 2 

TABLE 1 


Inhibition 0 / growth of E colt by urea, urethane, and nitrourea 


SUBSTAlfCE 

COKCESTSAnOH (UQ %) 

SSLATIVE caOWTH (8 HH) 

Control 

— 

(1 0) 

Urea 

5 

0 94 


10 

0 94 


25 

0 96 


50 

1 09 


100 

1 00 


200 

0 90 


300 

0 83 


400 

0 82 


500 

0 86 

Urethane 

5 

1 00 


10 

0 88 


25 

0 87 


50 

0 88 


100 

0 86 


200 

0 87 


300 

0 77 


400 

0 73 


500 

0 63 

Nitrourea 

10* 

0 83 


25* 

0 54 

! 

50* 

0 027 


100* 

0 03 


* The rutrourea was weighed out aa its sodium salt The concentrations of active com- 
ponent were 0 8 of the values listed in this column 


show, no significant inhibition of growth is obtamed m solutions containmg as 
high as 100 mg per cent thiourea, a concentration that produces a very substan- 
tial effect with the S-methyl denvative Thus there can be httle doubt that 
the action of the latter compound is not due to any thiourea that it may produce 
The relatively weaker activity of the S-methylisothiourea, as compared to 
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mtrourea, is perhaps to be expected The former substance, hich structurallv 
may be thought of as a denvative of guanidme, is a fairly strong base, as its ex- 
istence normally as a salt mdicates Consequently, at pH’s near 1 , the sub- 
stance exists pmnanly as a cation Smce there is strong evidence, as cited by 
Heraott (1947), that the guanidinating action of isourea compounds is a prop- 



Ftgure 3 Effect of thiourea and of S-methyhsothiourea on growth of Eacherichta coh 
at 37 G V, 50 mg per cent, and A, 100 mg per cent of S-methylisothiourea, □, 100 rag per 
cent of thiourea, O, control Counts (turtiidity measurements) are given m billions per ml 


TABLE 2 


Companion of effects of thiourea and S-methyhsothiourea on growth of E coU 


5l7SSrA^CS 

COhCCSTXAHOU (uo %) 

xrwnv* c»o-wTa (J m) 

Control 

— 

(1 0) 

Thiourea ^ 

10 

0 95 


25 

1 03 


50 

0 95 


100 

0 98 

S-methylisothiourea 

50* 

1 0 


100* 

0 15 


* The S-methylisothiourea was weighed out as its sulfate salt The concentrations of 
active component were 0 65 of the values listed in this column 


erty of the free base, conditions favonng formation of the cation would reduce 
the chemical activity of the compound 

In either case, however, it is evident that urea derivatives that are capable of 
reactmg chermcally near room temperature are more effective growth inhibitors 
than nonreactive denvatives of nearly equal molecular weight 
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The lack of a satisfactory method for the determination of the aureomycm 
concentration of the blood has been noted by various mvestigators (Collms et al , 
1948 a,h, Ross et al , 1948, Fmland et al , 1948) The factor chiefly responsible 
for this difficulty is the mstabihty of aureomycm at the temperature at which the 
analysis has been performed, 37 C In addition, it has been shown by Fame 
et al (1948) that deterioration is even greater at this temperature when the 
antibiotic is kept m low concentration m broth, serum, or 10 per cent horse blood 
agar To overcome this handicap m the method described by Dornbush and 
Felcak (1948) the tubes are mcubated for 4 hours only at 37 C smce longer mcu- 
bation has been found to result in considerable deterioration of the drug Price 
et al (1948) described a serial dilution test m which the tubes are mcubated at 
25 C, Bacillus suhhlis is the test organism and the test is performed m fluid thio- 
glycolate medium However, the results of tests with this method on samples of 

known concentration, and the detemunation of blood levels m patients following 
the admmistration of the drug, were not mcluded in this study 
The test orgamsm recommended for aureomycm assay and furmshed by Mr 
A C Dornbush of the Lederle Laboratones is the Bacillus no 5, a soil isolate 
that has not been completely identified as yet but that appears to be a stram of 
Bacillus cereus var mycoides The bacillus grows readily and rapidly at room 
temperature (22 to 25 C) even with a small mitial moculum Prepared samples 
of aureomycm m normal human serum were tested by modifying the routme 
tube dilution method employed m this laboratory for pemcillm assay by using 
Bacillus 5 as the test organism and mcubatmg the tubes overnight at room tem- 
perature mstead of at 37 C Good growth and clear-cut end pomts resulted, 
also a satisfactory degree of accuracy A detailed description of the method of 
assay, the results of assays of samples contaming known concentrations of aureo- 
mycm m normal human serum, and finally the blood levels determmed after 
oral administration of 250 and 500 mg, respectively, to two groups of patients 
form the basis for the present report 

METHOD 

A tube dilution method using 2-ml amounts is employed Fresh meat ex- 
tract broth, pH 7 0 to 7 2, 13 the medium and diluent The Bacdlus 5 suspension 
is prepared by moculatmg 10 ml of broth from a stock plam agar slant culture 
mamtamed at 4 to 6 G After mcubation for 6 hours at 37 C, the culture is ad- 
justed to an optical density of 0 05 on the “lumetron” photoelectnc colorimeter 
using a red filter, and then further diluted 1 100,000 One ml of this suspension, 
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which contains approximately 400 organisms, is added to each tube The aurco- 
mycm standard contams 0 2 ;ig per ml m broth and is made up just prior to test- 
ing from a standard solution dissolved m distilled water The concentrated 
standard is stored m the freezing compartment of the refrigerator 
Two parallel senes of tubes are set up as follows 


Scrum sample 

Serum 10 0 9 

Broth 0 0 0 1 

Bacillus no 5 suspension 10 10 

AuTtom^cMt standard 

Aureomycm in broth (0 2 ng per ml ) 
Broth 

Bacillus no 5 suspension 


0 s 

0 7 

RilWiio-i 

0 6 0 5 0 

4 

0 

3 

0 2 

0 10 0 

0 2 

0 3 

0 4 

0 5 

0 

6 

0 

7 

0 8 

0 9 10 

1 0 

1 0 

1 0 

1 0 

1 

0 

1 

0 

1 0 

10 10 


0 5 

0 4 

0 3 

0 2 

0 10 0 

0 5 

0 6 

0 7 

0 8 

0 9 10 

1 0 

1 0 

1 0 

1 0 

10 10 


Both senes of tubes are meubated at room temperature (22 to 25 C) overnight 
The end pomt of complete inhibition for each senes, as mdicated by the first 
clear tube, is noted and recorded the next mormng The Bacillus 5 suspension 
was found to be consistently inhibited by 0 04 ;ig of standard aureomycm m 
broth 

The serum concentration is calculated by dividing the amount of aureomycm 
that inhibits completely the growth of the Bacillus 5 suspension by the amount 
of serum required to inhibit the standard moculum If no inhibition takes plate 
m the serum senes or if a level greater than 0 4 /ig per ml is anticipated, the 
serum is diluted 1 10 or higher and the calculated result is multiplied by the dilu 
tion factor The smallest concentration measurable by this procedure is 0 04 
fig per ml 


EXPERIMENTAL RESULTS 

In Older to test the accuracy of this method, 36 trial samples contaming known 
concentrations of aureomycm dissolved m normal human serum were prepared 
and assayed promptly The results are illustrated m figure 1 in which the concen- 
tration of each sample is plotted agamst the level found The solid Ime repre- 
sents perfect correlation between actual and estimated results As may be noted 
from the graph, good correlation was found between both values It may also 
be seen that the discrepancies that appeared were on both sides of the line 
Had deterioration of the antibiotic occurred, all varmtions should have been be 
low the Ime 

Table 1 summanzes the results obtamed All samples assayed within^ibU 
per cent of the known amount Eighty-nme per cent were within ±2o per 
cent, and 95 per cent were withm ±33 per cent Obviously greater precision h 
desuable, but the only means now available for assaymg antibiotics arc micr(> 
biological methods m which inherent iumtations m accuracy are acknowledge 
These results, however, are well withm the range ordmarily considered as accept- 
able for clmical purposes 
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Aureomycin blood levels as determined by the method descnbed were m- 
vestigated m two groups of patients One group received orally a smgle dose 
of 250 mg and the other 500 mg Blood specimens were obtamed, under stenle 
conditions, from the antecubital vem penodically up to 24 hours after admims- 
tration After clottmg, the serum was separated off by centrifugation and the 
aureomycm concentration of each sample was deter min ed 
As may be noted from table 2, peak levels were found 2 to 6 hours after oral 
administration The antibiotic was still detectable m aU patients receivmg 



Pi^pored oureomyan conccnlrotions jn serum 

Figure 1 Companaon between known and estimated concentration of 36 aamplea of 
aureomycin m normal human aerum 


TABLE 1 


Remits of assays of prepared concentrations of aureomycin in normal human serum 


RESULTS 

NUU2ES 07 SAMPLES 

FESCENTAGE 07 TOTAL 

Exact 

22 

61 

Within ±25% 

32 

89 

Within ±33% 

34 

95 

Within ±60% 

36 

100 


250 mg at 18 hours and at 24 hours m all patients receiving 500 mg Significant 
concentrations were present m both groups at 12 hours In the light of this 
findmg, admimstration of this drug as frequently as every 6 hours, as is recom- 
mended at present, may be unnecessary Less frequent doses might also lessen 
the only toxic effects of aureomycm so far reported, namely, nausea, vomitmg, 
and diarrhea Although higher levels were achieved as a rule with the larger 
dose, the increase was not proportional to the amount admimstered In a num- 
ber of patients the levels produced with 250 mg were as high as those found after 
500 mg 
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TABLE 2 



SraiMAHT 

An assay procedure for the detemunation of the aureomycm concentration 
of the blood has been descnbed The method js a tube dilution method in which 
tbe tubes are incubated at room temperature 
Satisfactory correlation between known concentration and the results of assay 
was found with 36 prepared samples 

Penodic blood levels up to 24 hours after administration were determmed in 
two groups of patients receiving 250 and 500 mg orally m a smgle dose A sig- 
nificant level at 12 hours was found m both groups 
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We have had occasion to employ lysozyme as a tool m the comse of om inves- 
tigations on a lysogenic stiain of Bacillus megatherium Lysozyme has been used 
by othei woikeis m connection with bacteiiophage studies of lysogenic Bacil- 
lus megatherium (IFollman and Wollman, 1935, Giatia, 1936), howevei, theie is 
no desciiption of the lysis per se This lepoit concerns the stiuctuial changes 
of the oiganism in the presence of lysozyme 

MATERIALS AND METHODS 

The lysogenic BacifZws megaf/ic) turn 899 fiom the collection of Di L E den 
Dooien de Jong was used in these studies In all evpeiiments the oiganisms 
studied weie young vegetative cells obtained in the followung mannei Spoiulated 
cultuies weie suspended m distilled w'atei to the tuibidity giving a leading of 
325 on the Klett-Summeison photoelectric coloiimetei wuth a no 610 filtei m 
place Foul drops of spoie suspension weie added to each 2 5-by-20-cm test 
tube containing 20 ml of peptone w'ater The peptone w atei consisted of 20 g 
of “nutii-peptone” (B B L ) pei htei of distilled watei adjusted to a leaction of 
pH 7 2 The inoculated peptone w'atei wms placed at 34 C in a watei bath and 
ail was bubbled through the suspension After 3 houis of aeiation the vegeta- 
tive cells weie lemoved by centiifugation and then lesuspended m appiovimately 
4 ml of m/15 phosphate buffei (pH 6 6) foi eveiy 20 ml of the aeiated cultuie 
The tuibidity of the suspension w as adjusted on the Klett-Summeison photoelec- 
tiic coloiimetei to a leading of 115 wuth the no 610 filtei The suspensions 
weie tieated w'lth foimahn to a final concentiation of 2 pei cent formaldehyde 
unless othei w’lse specified The foimaldehyde is added m ordei to slow down 
the lytic pi ocess and to prevent multiplication of the bacilli Aftei the foi malized 
cells had been held at loom tempeiatuie foi 1 houi, they weie wmshed by lepeated 
centiifugation w'lth phosphate buffei Followung w'ashing, the cells weie lesus- 
pended m m/15 phosphate buffei (pH 6 6) to give a reading of 80 w ith the no 610 
filtei m the photoelectiic coloiimetei The cells Weie used almost immediatelj'- 
aftei this tieatment 

Puiified egg-w'hite lysozyme was obtained through the couites}"^ of Di K 
Meyei The lysozyme stock solution w'as piepaied by dissolving the puiified 
lysoz 3 mie in m/15 phosphate buffer (pH 6 6) 

Oidmaiily it w'as desiiable to observe the action of lysozyme on the bacilli 
at diffeient time mteivals, so a sepaiate test tube of suspension was prepared for 

1 Present addiess Department of Bacteriologj ind Parasitologj , Medical College of 
Virginia, Richmond, Virginia 

1 Aided bj a grxnt from the Dazian Foundation for Medical Research 

^ Of the Stringewajs Research Laboratorj, Cambridge, England 
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each obsen ation penod Kahn tubes containing 1 5 ml of the subpension m ero 
tieated ^\ ith 0 2 ml of lysozyme solution to gi\ e a final concenti ition ol t pg pt r 
ml of lysozyme and placed in a 34 C iiatei bath Conti ol tube;, in iriiah 
lysozyme was wnthheld were always incubated along with the other tubes Vt 
the desired time the lysozyme action was termmated by adding 2 drops ot for- 
mahn FolWing inactivation, the material was centiifuged and the sediiiuiit 
w'as resuspended m one or two drops of saline solution 

This suspension w as apphed to a w atei agai plate (1 5 per cent agai in w itci ) bj 
gently touching the surface w ith a loopful of the mateiial As soon as the ig ir 
absorbed the moisture, the “smeai” was cut out and placed smfacedown on i 
cover slip The organisms w'eie fixed through the agar by immersing the coier 
slip m Bourn’s fluid for at least 45 minutes This procedure minimizes dis 
toition of the cells (IClieneberger, 1935, Iflienebeigei and Smiles, 1912, lloh- 
inow, 1944) After fixation, the agar squares w'ere piied from the covei slips, 
the cover slips avere iinsed, and the fixed smear wms stamed wath 0 1 per cent 
Victoria blue 4R m 70 per cent alcohol Victoria blue 4R was selected bet lusu 
of its usefulness as a direct differential stam for the plasma membiane iiid the 
cell w all (Robinow , 1948a, 6) The Victoria blue preparations present an apjie ir 

ance similar to that pioduced by tannic acid, ciystal violet pieparations (Uob 
inow^, 1945), that is, the cell waU and plasma membiane are stamed moic mtenscl} 
than the cytoplasm pioper Aftei bemg stained, the preparations w eic mounted 
m w^ater and observed and photographed w ith a green filter 
All photographs weie taken w ith a Bausch|and Lomb achiomatic subst ige con 
densei, N A 1 4 (oiled to slide), a Bausch and Lomb apochiomatic objoctne 09, 
N A 1 30, and a Bausch and Lomb compensating eyepiece 15X The pictures 
w^eie taken at an mitral magnification of 2,000 Xand w'ere not enlaigcd fmtiicr 


RESULTS 


Suspensions of formalized bacilli mixed with the lysozjmie solution show \i»ible 
reduction of turbidity within the first 10 minutes of incubation at 34 C md ire 
cleared completely after 30 mmutes 

Clearmg of suspensions was followed microscopically w'lth the Victoria blue 
preparations We observed that the cellular destruction of the bacilli by b a"- 
zyme w’as not an explosive dismtegration but an orderly dissolution miming o\cr 
an appreciable length of time, thus confirming the observations of I'lemiiig 
(1922), Suranyi (1927), Boasson (1938), and Baubudieii and Bietti (1915) with 
micrococci The normal cells (figure 1) of Bacillus megatherium, i e , cclK un- 
treated with lysozyme, are turgid, the protoplasm is tightly confined within the 
cell wall, givmg the latter the appearance of a taut, inflated casing (unfortuii itcly 
this property cannot be illustrated to best advantage m photographs) In nio^t 


» The pleasing and useful optical properties of Victoria blue prep iratioii= irc due iii p iri 
to the fact that the dj e is incorporated in the plasma nienibrano m aucli a nuimcr is tom i-vt 
It distinctb birefnngent The aviditi of the plasma membrane for Victori i blm 1 ‘ i 

for crjstal violet after tannic acid mordanting is readilj destrojed bj nboimtli. loi 
mow , unpublished) 
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of the cells the plasma membiane was contiguous with the cell wall and the two 
could not be lesolved, thus piesenting an intensely stained peiiphery Inter- 
nally the cells stained lightly Oidinaiily the cell m all and plasma membrane ap- 
peal as one daik band aiound the cytoplasm on cells that have been fixed v et, how - 



In all of the illustrated preparations the bacilli have been fixed through water agar in 
Bourn’s fluid and stained with Victoria blue IR The specimens were photographed 
mounted in water Illustrations represent a final magnification of 1,500 X 

Figure 1 Normal (non-ljsozjnie treated) cells of Bacillus megaiheriuin At lower 
center of photograph note cell in w hich protoplasts have shrunken from cell w all 

Figure 2 Bacillus megatherium after exposure to lysozyme for 5 minutes At the upper 
center note several bacilli that have thus far remained resistant to the Ijsozjme 


ever, occasionally one finds some bacilli m which the piotoplasts have shrunken, 
m w hich case the cell w all and plasma membrane appear as tw o bands surround- 
ing the piotoplasts (figure 1) 

Bacilli that have been exposed to lysozyme for 5 minutes begm to undeigo a 
change m appearance As photographed m figure 2, w e observed a marked in- 
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Cl ease in the staining intensity of the cytopl ism The L^ lopl ism u is not m laili 
stained but mottled with iinst uned gianul ii elements known iiom otlni ol)~ir 
vations to be nucleai mateiial Theie was i not ible lutgul iiitj in llu* dinun 
sions of the cells and a deciease in turgoi In figiiic 2 theie iic smci il builli 
that apparentlj'- ha\e lesisted the lysozjmc, foi they remun hghtlj stiimd m 
teinally and aie suiiounded by well-dehned plasma mcmbi ines The piutupl i>^ 
can be seen to be draw n aw ay fiom the cell w alls 


We found fuithei moiphological alteiations (liguied) follow mg 10 minutis’ i \- 
posuie to lysozyme and a tendency to stain giam-ncg itivch The w idth ot tlu 
organisms inci eased and they lost some of the iigidity so pionounccd in the not 
mal bacillus They weie moie evenly but less intensely st lined intcin dh th m 
those cells that had been exposed to b'sozymc foi o minutes, ilespite i loiigt r 
staining time wuth the Yictoiia blue dye These cells wcie delimited b\ well 
stamed peripheiies, howevei, the peiipheiies weic not so heavily st lined as tlio e 
of noimal cells or the bacilli that had lesisted the action of the lysozyme bc\ 
eral lesistant bacilli may be observed m figuie 3 
We obseived that an exposuie of 30 minutes to the lysozyme lesiilted in lin 
thei modifications in the appeaiance of the bacilli (hguie 1) TheoigiiiMii' 
became even moie enlaiged than those pieviously noted, and in conti ist to iioini li 
bacilli they were flaccid rathei than taut Quite piominent was the diiniiiishul 
intensity of the staining of the cells Owing to the decicased .ibility of tlit'i 
cells to take up the Victoiia blue, it was necessaiy to oieiexposc the jncp.ii itioii' 
to enhance then detail in the photogiaph The bacilli vaiicd in peiiphci il iml 
internal diffeientiation Some weie suiiounded by i daikoi band, on sonic tin 
penpheiy stained w'lth diffeient degiees of intensity at dilTeient points, 'till 
otheis were equally stained mtemally and peiipheially Ihoso Intilli m tin 
lattei class were usually few'ei, laigei, and palei than the othei cells in the]>Hi)ir 
ation They were m a moie advanced state of dissolution Piepii iliuiis c\ 
posed to lysozyme for 30 minutes w'eie also examined after applying i i itumn 
detergent as moidant and staining with Congo led accoiding to Dyu’s (1917) 
technique, w^hichwas designed to stain selectively the cell wall of bactcii i I’ri p 
arations so treated showed a lightly defined penpheiy with vuiitions siniil u 


to those m organisms stamed with Victoiia blue 

After 60 minutes of exposuie to lysozyme the bacilli stained delit itcly iml 
could be observed only wnth the aid of a suitable contiasting filter The mmiiii-r 
of remaining cells recognizable as such (figuico) was lolatively small, uid tlieu lb 
possessed an extremely fragile appearance (Heie again it was nccc^' iiy to mcr 
expose in older to obtain suitable photographic detail ) iiic&c cclN were m 
larged even more than in the prepaiations pieviously dcacubcd Prtdomiiiml 
m every field was the laige amount of debns and cell fiagmcnts tli il w is tot u > 
lacking in earliei piepaiations Upon incubation at 31 C foi loiigci ili m bO mm 
utes, cell boundaries, if they existed, defied letognition, loi oiiU tin 'cll ri' 
idues 01 granules could be seen 

In the observations above, the suspension of B meijalhcnnm 1\ id Ixcii to i " 
with 2 per cent formaldehyde for an hour piior to washing md mciibitwn i it i 
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lysozyme This treatment sufficiently damages the oigamsms to lender them in- 
capable of subsequent multiplication, howevei, cells so tieated are not devoid of 
functioning autolytic enzymes To demonstiate the resistance ot the autolytic 
enzymes to foimaldehyde, suspensions of B megatherium weie treated vith 
vaiious concentiations of foimaldehyde These suspensions veie permitted to 
stand foi 1 hour at loom tempeiatuie, weie lepeatedly washed with phosphate 






3 




■j 


I 



4 

Figure 3 Bacillus inegalherium after 10 minutes of exposure to Ijsozjme Several re- 
sistant bacilli may be observed near the top of the photograph 

Figure ^ Bacillus megalhei lum after 30 minutes of exposure to Ijsozjme Actuallj 
these cells are less heavily dyed than the bacilli in the preceding illustrations despite longer 
staining w ith the Victoria blue Thej have been o\ erexposed in photograph ng to enhance 
the detail 

buffer by centrifugation, and were resuspended m stenle xi/15 phosphate buffer 
(pH 6 6) The suspensions weie incubated for 42 hours at 34 C Alacio- 
scopically one could detect a decrease m the turbidity of the suspensions fixed m 
2 pel cent and m 5 per cent formaldehyde, but not m washed suspensions of 
bacilli fixed in 10, 15, oi 20 pei cent foimaldehj'^de The suspensions were pie- 
paied for micioscopic examinatmn as described for the piexious obserxations 
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Figure 6 depicts the general appeal ince ol biciili that hue bien tieUed null > 
pel cent foimalclehj de, ashed, and incubated One ob^ei i e^, i i ik.ng miiuI n' 
1 y between the autolj zed bacteiia and the bicilh treated nith h.ozvme lue.r 
t leless theie are some diffeiences The uitolyzed baetem do not enl lo'c to tlu 
same degree as do the lysozjune-treated ce!J=, In tonti u>t to b ic.Ili expo.od to 
\} sozyme f oi 30 to 60 minutes, the autoh zed bactei 1 1 bt un moio he u ilj md inou 


( 





r 6 

S. 1. 

Figure 5 Bacillus megalhenum after GO minutes of expoauie to h-vOiitnic It u h ih < 
essary to overexpose this preparation for detail 

Figured Baci/fas mejaf/ienion killed with 2 per cent form ildr h\ il( mil iiiLuh itul it 
34 C for 42 hours Both autob zed and intact cells are present 


homogeneously , they tan be obseit ed quite easily w ithout cmploj mg contr i-^tiiig 
filters 

As the concentration of formaldehyde incicasca, the degicc of lutohiu d* 
cieases At a concentiation of approNimattlj 15 pci cent forimldiiudi , tin 
autolj’^sis of the cells is inhibited Oiganisnis ticatcd with tliu i om < iitr itioii 
are similar in geneial appearance to noimal cells of B incgallurium 
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Suspensions that had been maintained at 34 C in 2 pei cent foimaldehyde foi 
7 days remained peifectly pieseived Mith m ell-defined cell walls and plasma 
membianes Aftei extensive waslung such piepaiations do not lyse m the pres- 
ence of lysozyme, neithei do they autolyze noi become gram-negative aftei 
incubation at 34 C foi as long as 72 hours Dubos (1938) observed that pneumo- 
cocci lemamed giam-positive and well foimed as long as the cells weie suspended 
m foimaldehyde (0 5 pei cent), how'evei, wuthin 24 houis after lemoval of the 
foimaldehyde the cells became giam-negative and i educed m size Peihaps the 
bacilli wmuld respond in a similai mannei wutha lower concentration of formalde- 
hyde 

The influence of fixation wuth vaiious concentrations of formaldehyde on sub- 
sequent treatment with lysozyme was also observed Aftei suspensions were 
w'ashed free of formaldehyde, they w^ere treated with lysozj’^me solution and in- 
cubated for 3 hours at 34 G Bacilli that had undergone tieatment with 5 per 



Figure 7 Bacillus megatherium killed n ith 15 per cent formaldehyde and incubated w itli 
ysozyme for 3 hours 


cent formaldehyde foi 1 hour have, in addition to the usual disintegrated cells, an 
approximately equal number of small bacilli These “small bacilli” are more or 
less lefractile (the longer they stand in the lysozjnne, the less refiactile they 
become) and frequently occur in pans connected to each other with a fine fila- 
ment Theyappeaito be protoplasts that have shrunken There are less drastic 
changes m the cellular response as the formaldehyde concentration is increased, 
there are more of these “small bacilli” present and fewer of the enlarged, dism- 
tegiated cells Upon attaining a concentration of 15 to 20 per cent formal- 
dehyde, one finds that the preparation consists almost entirely of these “small ba- 
cilli,” as can be seen in figure 7 The bacilli weie found to remam sensitive to the 
action of lysozyme although suspended in undiluted formalin (37 to 40 per cent 
formaldehyde) for an hour at room temperature before washing Organisms 
so treated w’ere examined after 3 hours of exposure to lysozyme Plere again 
the response w^as the formation of the “small bacilli” (figure 9) The “small 
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aclih arise from lysozjTiie-tieatecl bacilli piefiNed m loim iklelnde, md thtir 
numbei mcreases as the concentiatioii of foimaldehidi iniuMHd Coiuiol 
bacilli fixed WBth concentnted foimahn weie noim il in size uid ^ho\^ed dithu u 



Figure 8 Bacillus megatherium after heating at 100 C for 15 iniimtts 
Figure 9 Bacillus megalherium after prefixation in concentr iteil foi in ilin for 1 lioiir aii'l 
treatment nith Ijsozjme for 3 hours Note that the coll w ill is not xisihlt 

Figure 10 Bacillus megatherium after being heated at 100 C foi 15 minutes md tin ii 
treated « ith 1) sozj me for 3 hours 

Figure U Bacillus megalherium after prefixation in concentrated form dm 1 hour 


tiated cell wall and plasma membrane (figuie 11) It sctins rtmukablc tint, 
instead of the lelaxation of the cellular framew ork obscutd when l\'Oz>ini mt^ 
on living bacilli oi bacilli killed with 2 per cent form ildcli^dc, contr u iiuii n iili- 
when lysozyme is applied to the cells killed bj higher coiiccntratioiiT ol form il 
dehyde 
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Some observations weie made on the effect of lysozyme on heat-killed bacilli 
Heavy suspensions of B megalherium m 0 5-ml volume Meie rapidly added to 10 
ml of physiological saline (pH 7 2) solution already heated to the desired temper- 
atuie Aftei this ‘flash” heating (Dubos, 19376) the organisms weie centrifuged 
and resuspended m the desiied volume of phosphate buffer Preparations killed 
by heating at 100 C foi 15 mmutes and then treated with lysozyme vere ob- 
served aftei 3 houis of mcubation at 34 C Under these conditions the strilving 
featuie is the nibbled appearance of the bacilli (figuie 10) as a result of the ex- 
tremely iiiegulai and undifferentiated peripheries and the concentration of dye 
m large granules scattered throughout the cells Peripherally the cells were un- 
differentiated Extended incubation of 20 hours meiely rendered the cells 
slightly less heavily stained The detritus, so promment with the foimalde- 
hyde-tieated (2 per cent) cells aftei anTiour of lysozyme exposure, was lacking 
even after 20 hours of mcubation 

As IS the case with heat-killed Staphijlococcus aureus and Clostridum welchii 
(Webb, 1948), the heat-killed B megatherium became gram-negative u hen mixed 
with lysozyme 

Heating m itself does not induce these morphological disturbances m the ab- 
sence of lysozyme, for cells heated at 100 C for 15 mmutes were exammed after 
incubation at 34 C for 48 hours m sterile phosphate buffer and found to be in- 
tact and gram-positive Heat-tieated bacilli do, however, stain more mtensely 
and are more granular then untreated cells, as can be seen m the photograph of 
the heat-kiUed control organisms (figme 8), but the appearance is unlike that of 
the cells mixed with lysozyme 


DISCUSSION 

The first few^ mmutes of exposure of B megatherium 899 to lysozyme is sufficient 
to induce some changes m the permeability of the cell, as wms observed bj’^ the 
increased amoimt of Victoria blue dye present m the normally lightlj'' stained pro- 
toplasts As mcubation contmues, the mtensity of the stammg piogressivelj^ 
decreases until only famtly discernible cells remam This decrease m the degree 
of stammg reflects the absence of the protoplasmic molecules w ith w hich the dj^e 
normally combines Either those molecules have diffused out of the cell oi they 
have been degraded enough to render the dye combination impossible By w aj" 
of analogy it is reasonably likely that at least one basophilic constituent passes 
out of the cell, for Webb (1948) has demonstrated that the negative gram reac- 
tion of Staphylococcus aureus and Clostridium welchii resulting after lysozyme 
treatment of heat-killed cells is due to the removal of the nbonucleic acid com- 
ponent of the gram complex concomitantly with the hydiolj’^sis of certain sugar 
Imkages m polysaccharides believed to be located at the cell surface 

Concurrently wuth the diminution of stammg mtensity, the cells lose their tur- 
gidity and appear flaccid Other workers (Fleming, 1922, Suianyi, 1927, 
Baubudieri and Bietti, 1945) have noted swelling m Ij’^sozjmie-susceptible micro- 
cocci Boasson (1938) attributed the swelling of micrococci following Ij'sozjmre 
treatment to the mechanical flattenmg of the cells m the process of preparing 
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the smears In the case of the bacilli this may m part be tiue , how e\ er, enl m^Lil 
cells may be obseived when piepaied as wet mounts in dilute busu IikIimh " 
The cell w all as w ell as cytoplasmic structures that m imt im the norm il tiir^mr 
of the cell unquestionably aie among the fust substiitcs to be ittukul uul 
modified This can be demonstrated e\en moie vurUa if 0 Ilestlelk^ i pap in 
tion of lysozjTne-tieated cells in a cntulai manner on the w itei igu piioi to li\ 
ation The cells become drawn mto thieads, often is much is I to o Imus the 
usual length of the bacillus, oi cells aie seen to be folded ovei upon thciibihi^ 
seveial times Noimal (non-lysoz 5 >-me-ticated) cells undeigoing tiie s mu la U 
ment appeal perfectly rigid and undistorted m any w ay Despite the w e ikemiii,' 
of the cell w all and the cytoplasmic stiuctuial elements, the b icilli do not entiah 
succumb to the natural tendencj’' of assuming the foim of a spheie 
It IS difficult to deteimine the natuie of the encompassing membi me (oi nieiii 
branes) remaining m the last stage of bacteiiolysis The peiipheij is stuiud 
lelatively more heavily than the mteinal substance even in the welLuh mini 
phases of bacteriolysis Judging fiom its thickness one would assume tli it tlic 
cytoplasmic membrane is at least paitially intact The piesence oi ibscniu ul 
the cell wmll is equivocal We heheve that it is destroyed vei j' e iily m the 1\ tic 
piocess We hope to confiim this impiession in subsequent studies 
The action of lysoz 3 rme undoubtedly is influenced by the autolytic ciumius 
piesent m bacilli Although observations weie conducted upon cells killed Iw 
exposure to 2 pei cent formaldehyde, the autolytic enzymes weie not comiilctcK 
destroyed, for bacilli similaily tieated will autolyze in the absence of l\30Z}inL 
and correspond m appeaiance to lysozyme-treated cells The b ictciiobsi', 
how ever, is consideiably slow er in the absence of lysozyme \.s Dubos spcciil itcd 
(19376), “It IS possible that theie exists m the noimal cell a ceitain celliil ii stria 
ture wffiich pievents the enzyme from attacking its specific substi ite md tli it this 
stiuctuie IS destioyed by the tieatment wdiich causes lysis ” One might |)os 
tulate that lysozyme attacks that “stiuctuie” and the bacteiiolysis occtiis is tin 
autolytic enzymes aie bi ought into play subsequent to the lemoval ol tint bir 
iier In part, this might be tme, howevei, lysozyme is capable of some m imfis 
tations mdependent of the bacterial autolytic enzymes, foi bacilli killed bj high 
concentiations of formalm do not autolyze, yet they leniam susccjitiblc to h-e- 
zyme action The lesponse is not so sinking as with lowei contentr itioir el 
formaldehyde, but the cells aie clearly alteied Additional c\ idcncc ot the ihil 
ity of lysozyme to act in the absence of the autolytic enzymes is piov idcd b} c\ 
tensive destruction of bacilli pieviously killed by heating 


SUMCLUn 

The b^sis of cells of Bacillus megatherium 899 killed with 2 per (iiit fmmihh 
hyde and then tieated w ith lysozyme was followed micioscopic ill> md ih -i ri n < 
Lvsis of B megatherium occurs rapicllj if the iiitolytic enzyme-, in ml n t 
Although the action of l 3 'sozcTne is influenced bj the prc-imc of mto \ n 
enzymes, l 3 SOZ 3 me can function independcnth of the mtolvtu - 1^(111 
“sponse ot the organism to hsotvmo d.lTcm « ,tl, he rt .ml for... .1.1 h'.l' «' " “ 
vation of the autolytic enz3'me3 
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Actinomycosis in the human bemg is a chrome, suppurative disease resultmg 
from infection with the fungus Actinomyces hotns Prior to the advent of the 
sulfonamides and later penic illin and streptomycm, the prognosis of patients 
suffenng from actmomycotic infections was not too promismg 

There are many reports m the hterature concemmg the successful use of peni- 
ciUm as a chemotherapeutic agent (Decker, 1946, Fams and Douglas, 1947), but 
there is httle m the hterature on the clmical use of streptomycm m the treatment 
of actmomycosis Costigan (1947) and Jacobson and Cloward (1948) have re- 
ported success m usmg this antibiotic m these infections, however, Pulaski and 
Seeley (1948) reported a case of actmomycosis treated with streptomycm that 
failed to respond to therapy and that was associated with the development of a 
highly resistant orgamsm The etiological agent m this case, however, was No- 
cardia asteroides, an organism closely related to Actinomyces bons, which is not 
frequently associated with actmomycotic infections 

In view of the chrome nature of the disease, long therapeutic periods have 
been mdicated with the tune of treatment varying from 5 days (Costigan, 1947) 
to 1 year or longer (Emmons, 1938) Smee there are a number of reports con- 
cemmg the rapid development of bactenal resistance to the antibiotics, especially 
to streptomycm, m which Miller and Bohnhoff (1946) and Sehgman and Wasser- 
mann (1947) report that resistance may attam a 2,000- to 50,000^fold mcrease, 
it IS well to consider the possibihty that resistant strains of Actinomyces boms 
may develop durmg a long therapeutic period 

METHODS 

Throughout this work thioglycolate medium was used, and though it is known 
that this medium contams factors that are antagonistic to the antibiotics, it was 
chosen because it presented a simple method of culturmg these organisms and 
the results of growth could be easily read With this medium the several strains 
of anaerobic Actinomyces could be grown at 37 C The results were read on the 
basis of visible growth alone 

Because of the small amounts of pemciUm and streptomycm reqmred to m- 
hibit the growth of these organisms, it was necessary to prepare the various 
dilutions m large quantities m order to obtam as high a degree of accuracy as 
possible One-hundred-ml amounts of thioglycolate medium were prepared and 
a suitable amount of the antibiotic was added to give the desued concentration 
The medium contammg the antibiotic was then well mixed and transferred 
aseptically to stenle test tubes, about 10 ml per tube These were then incubated 
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overnight at 37 C to eliminate any contaminated tubes Each tube w is then 
inoculated with 0 1 ml of a young growmg culture and incub itcd it 37 C lor 
the desired time 

Since the strams of Actinomyces used m these experiments had been adapted 
to thioglycolate medium, growth was usually observed within 21 to IS hours 
In all cases the control tube containmg no antibiotic grew in this time, but in 
some mstances those contammg the antibiotic required a longer period for grow th 
If growth did not occur withm 5 days, the tubes w ere considered negativ e '1 here 
was no marked change m growth between 5 and 10 days 

The SIX strams of Actinomyces used in this work were of several origins Four 
were isolated from cases of human actmomycosis, two were of bovine origin, 
being isolated from cases of lumpy jaw in cattle Three of the human strinis 
were obtamed from the Mayo Clinic through the kindness of Dr F R ncilnnn 
All strams presented typical morphology, though slight growth difterences were 
noted m thioglycolate, as is typical of these organisms 

PENICILLIN 

Smee there are certain factors m thioglycolate medium that antagonize the 
effect of penicilhn to a certam extent, and since penicillin is somewhat unat ib!o 
at 37 C, it was essential to determme how much of the activity was lost m this 
medium at 37 C over a 10-day penod A concentration of 1 0 unit per ml was 
prepared in thioglycolate medium and was incubated over the 10 day period 
Samples were taken every 24 hours and titrated to determme the loss of activity, 
with Staphylococcus aureus as a test organism A sunilar test was run w ith 1 0 
unit per ml in water in order to determine whether any loss of activity was duo 
to the thioglycolate medium or to the temperature of incubation, or to a com- 
bmation of these factors It is realized that this type of test does not show the 
effect of the metabolic processes of bacterial growth, but it does demonstnite 
the mactivation of the antibiotic by the components of the medium and the 
temperature of incubation It was found that there was no loaa of activity 
through 48 hours, but a shght loss was noted at 72 hours No further losswas 
noted m thioglycolate medium until the seventh day Penicillin m water, how- 
ever, steadily dechned in potency until no activity remained after 1 dajs It 
IS evident that pemciUin m thioglycolate medium at 37 C is relatively stable 
It was therefore unnecessary to add additional antibiotic during incubation sinte 
growth occurred m controls withm 5 days The sodium salt of penicillin was 
used throughout this work Solutions were prepared m sterile distilled water as 
previously described 

On determmmg the mitial penicillm sensitivity of the various strams, it was 
found that all strams grew m less than 0 05 units per ml withm 21 hours Vt 
and above that level the mdividual strains seemed to vary somewlut m their 
sensitivities (table 1) Two strains were inhibited by 0 05 units per ml, two 
strams were inhibited by 0 1 unit per ml, and two strams were mhibitch by u > 
umts per ml One strain showed growth m one of the four tubes at 0 j mu i 
per ml The growth m this tube may have been due to a larger number o 
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organisms m the moculum smce this was difficult to control accurately because 
of the nature of the organisms 

In an effort to determme whether the various strains would become resistant 
to penicilhn in vitro, all strams were moculated mto thioglycolate medium con- 
taimng the maximum amount of pemcillm that would allow visible growth m 72 
hours In all cases only shght growth was noted at this time, this growth was 
then transferred to a medium contammg the same concentration of pemcillm m 
an effort to adapt the organisms to growth m the presence of the antibiotic 
After 7 such transfers, all strains grew m 0 1 umt per ml in 72 hours After 
12 transfers, one strain grew in 0 2 umts per ml, and two strams grew m 0 15 umts 

TABLE 1 


Initial penicillin sensitivity of Actinomyces bovis strains 


CONCENTRATION 

Hi 

Hi 
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-| — 1 — 1 — b 
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-1-+++ 
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0 10 u/ml 
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— 

— -f-+ 

-b-b 

0 50 u/ml 

— 

— 

— 

— 

— +- 
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* Control showed growth m 24 hours 



NUMBER OF TRANSFERS 

Figure 1 Increase of penicillin tolerance by six strains of Actinomyces bovis on repeated 
subculture to increasing concentrations of penicilhn in thioglycolate medium 

per ml After 16 transfers, three strains were able to grow m 0 2 umts per ml, 
whereas the other three strams failed to grow m concentrations above 0 1 umt 
per ml Repeated transfers were made m the maximum amount of pemcillm 
that allowed growth, but, after 32 transfers over a penod of 3 months, there 
was no further change m resistance from that which had been encountered on 
the sixteenth transfer (figure 1) 

Although it was found that four of the strams developed a 2- to a 4-fold re- 
sistance to penicillin, it is evident that, in vitro, the strams of Actinomyces bovis 
tested did not become readily adapted, or resistant, to the antibiotic effect of 
pemcilhn 
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STRBPTOin CIN 

Owing to the numerous factors that are mhzbitory to the action of strep- 
tomycm, a bnef study of the loss of streptomycin activity under the conditions 
w the test was made A test similar to that performed with penicillin w is run 
Thioglycolate medium was prepared so as to contain 50 umts per ml of strep- 
tomycm and was mcubated over a 10-day penod at 37 C, with samples bein- 
titrated daily “ 

It was found that streptomycm lost no activity m thioglycolate medium at 
37 C for a period of 48 hours, but beyond that time a rapid loss occurred It 
became totally mactive after 120 hours' mcubation under these conditions In 
water, however, streptomycm was relatively stable at 37 C, as no loss was noted 
through 96 hours, and at 10 days only a slight loss had occurred Throughout 
this work the calcium chlonde complex of streptomycm was used It was diluted 
m sterile distilled water and mixed with thioglycolate medium as described 

The streptomycm sensitivity of these organisms was found to be between 20 
to 30 umts per ml, smee all strains were inhibited by 30 umts per ml, but grew 

TABLE 2 


Initial streptomycin sensitivity of Actinomyces bouts strains 


CONCEifTaAlIO f 
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20 u/ml 

-h-h-h-h 




++-1-+ 
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30 u/ml 

50 u/nil 
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! 

1 


+ j 
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* Control showed growth at 24 hours 


slightly m 20 units per ml (table 2) Agam it was noted that one human btrain 
showed shght growth m 50 umts per mi and one bovine stram grew m 100 units 
per ml Smee m each case this occurred m only one of four tubes, it may have 
been due to the number of organisms m the inoculum or to the pre=caco by 
chance of naturally resistant variants 
Smee only shght groivth was noted m 96 hours in 20 units per ml, it was prc 
sumed that most of the sensitive organisms were mhibited and that only the 
more resistant forms were able to grow This growth was then inoculated into 
media containmg 25 umts per ml and growth was noted m 72 hours The next 
transfer mto 30 umts per ml grew m 48 hours Subsequent transfers w cre made 
mto 35, 50, 100, 200, 500, 750, 1,000, and 5,000 units per ml .ill of thcbc tubu 
showed growth withm 24 hours after transfer, as did the control tubes contam- 
mg no streptomycm There was no evidence indicating that streptomycm de- 
pendence was developed along with resistance ^ 

Smee all strams had readily developed a high degree of re^^istanco (figure -L 
higher concentrations were not employed Penicillm sensitivities run on t lo 
streptomycin-resistant strains inchcated that the development of strcptom>tm 
resistance did not alter the perucilhn sensitivity of the organnuns 
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Figure S Uniform increase of streptomycin resistance by all six strains of Acltnomycea 
bovts on continued transfer in increasing concentrations of streptomycin 



It was of interest to determine whether this rapidly acquired resistance was a 
permanent characteristic or one of a temporary nature that might be lost through 
successive subcultures m streptomycm-free medium The six resistant strains 
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were transfeired daily m tluoglycolate medium as grouth was abundaut uitlim 
^ hours After 20 transfers aU strains had retamed their rcsistante, grois m- m 
5 000 umts per ml, but after 25 transfers one stram began to lose Us re.i.t mce 
After 45 transfers the one stram had returned to its original sensituiU, born- 
mhibited by 30 units per ml All other strains showed no signs of losing ilitar 
acquired resistance after 54 transfers m streptomycm-freo medium (figure 3) 


DISCUSSION 

It appears from a review of the hterature that there is no clear cut o\ idemo 
for the use of a particular antibiotic m well-defined quantities m the thenp> oi 
actmomycosis The two antibiotics, pemcillm and streptomycin, have beta 
found to be of value m the several cases m which they have been cmplo}tx!, 
though the mtensity and duration of the treatment seems to vary greitly iiitli 
the individual case Because of the long duration of antibiotic tfaerapj uau ill} 
employed m the treatment of these cases, the possibility of the development of 
drug-fast microorganisms is constantly present 
Although pemcillm resistance did not develop to any appreciable extent with 
the strains of Actinomyces bouts tested, nevertheless four of the sl\ strains did 
develop a shght degree of tolerance It appears that this was developed in i 
stepwise manner, possibly as the result of gene mutations, as Demerec (19 IS) 
beheves is the case Two strains showed a three-step mcrcase, one strain i 
two-step mcrease, and one stram a one-step increase The other two strains 
showed no mcrease whatsoever 

Smce the resistance that developed occurred dunng the first few transfers, 
it would seem that, m the clmical use of pemcillm m the treatment of actino 
mycosis, large doses of pemcillm might be mdicated to prevent the survival of 
any first-step mutants that could result m the development of highly resist int 
strains There is, however, at present no evidence to indicate that this woulti 
happen smce it does not occur tn intro even when the organisms are grown in 
sublethal concentrations of the antibiotic over long periods of time 
In contrast to pemcillm, streptomycm-resistant strams are quite hkel> to 
develop dunng therapy This was shown to occur rapidly m the tn vitro studies 
of this work and has also been reported m at least one case of actmoni}cojis 
caused by Nocardta asteroides 

Streptomycm-resistant variants seemmgly are caused by gene mutation^ as 
resistance was developed m a stepwise manner The evidence mdicated thii 
this resistance is a permanent characteristic smce five of the sue resistant strains 
retamed their resistance after 54 transfers m streptomyem-free medium 'ilic 
one stram that returned to its origmal sensitivity after 45 transfers did so in a 
stepwise manner, mdicatmg that reverse mutation may also occur 

Although it 13 evident that contmued growth m streptomycin stimulaitd the 
development of highly resistant strains, it is quite possible that naturill} re- 
sistant forms were ongmaUy present and that the resistance was merel} greatl) 
mcreased The changes m tune requited for growth mdicated that only a 
organisms become resistant and that a longer time to show visible gro.vtU wai 
r6Q^uirGd m tb.6 first few transfers 
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A bnef study of the resistant strains indicated that no morphological changes 
had occurred, but evidence was presented showmg that the development of 
streptomycm resistance may have been accompamed by changes m the metabohc 
processes of the organisms The resistant strams showed the production of acid 
from glucose and sucrose, although the strams onginally showed acid production 
only from glucose This, however, may have httle significance smce acid pro- 
duction was measured only by color change m the mdicator employed, and de- 
tailed studies of this were not made 

In view of the evidence m this and other work, it is evident that streptomycm- 
resistant strains may not be avoided merely by the use of high mitial doses of 
the antibiotic, smce naturally resistant forms may occur and highly resistant 
forms may be obtamed rapidly The therapeutic value of this antibiotic then 
hes m its ability to inhibit the growth of the great majonty of the orgamsms, 
leavmg the natural body defenses to deal with the few rem ainin g less sensitive 
orgamsms 


CONCLUSIONS 

The effect of pemcilhn and streptomycm has been tested on six strams of 
Actinomyces iovis in vitro Under the conditions of the test it was found that 
PeniciUm was inhibitory m concentrations varymg from 0 05 to 0 5 imits 
per ml 

Four strams showed the development of a shght stepwise mcrease m resistance 
to pemcilhn after 16 transfers, but did not develop further resistance after 32 
transfers over a period of 3 months 
Two strams showed no mcrease m pemcilhn resistance 
Although the resistance developed to pemcillm was somewhat higher than 
the ongmal sensitivity of the organisms, the strams did not become readily 
adapted or resistant to the antibiotic effect of pemcilhn 
AU SIX strams tested were ongmally inhibited by 30 umts per ml of 
streptomycm 

The SIX strams all developed at least a 250-fold mcrease m streptomycm re- 
sistance m 10 transfers 

The resistance of five strams was retamed after 54 transfers m streptomycm- 
free medium One stram reverted to its ongmal sensitivity after 45 transfers, 
however Streptomycm dependence did not develop 
There were no morphological changes m the resistant strams 
Shght biochemical changes m the metabohc processes of the resistant strams 
occurred No detailed studies of this were conducted 
Streptomycm resistance does not affect the pemcillm sensitivity of the various 
strams 

Pemcillm appears to be more effective in vitro than does streptomycm on the 
six strams of Actinomyces boms used m these experiments 
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It has previously been shown by m vitro tests that a tuberculostatic anti- 
biotic was present in the filtrates of the culture medium of the actmomycete, 
Nocardia coehaca In addition, a water-soluble tuberculostatic substance, re- 
ferred to as “nocardm,” was isolated m crude form by extraction of the mycel- 
ium with ether and 95 per cent alcohol A substance havmg the same tuber- 
culostatic properties m tnlro was also isolated from the filtered culture medium 
by adsorption on charcoal followed by elution with acid alcohol (Emmart, 1947) 
In the present report the results of the treatment of tuberculous mice with 
crude Nocardia extracts are presented m comparison with those of mice similarly 
treated with streptomycm 


METHODS 

Two experiments have been completed m which 20- to 22-g white Swiss mice of 
an mbred stram were moculated m the dorsal tail vem with 1 mg of tubercle bacilh 
(stram H37-Rv) m 0 1 ml of physiological sahne solution This method of moc- 
ulation of mice with tubercle bacilh has previously been described as effective 
m producmg gross lesions of the lungs of mice m 4 to 6 weeks after moculation 
(y oilmans and Wilhston, 1946, Levaditi and Vaisman, 1947) 

In both experiments the mice were divided mto three groups One untreated 
group was kept as a control, the animals of the second group were mjected sub- 
cutaneously twice daily with 1 5 mg of streptomycm, and a third group was sim- 
ilarly mjected subcutaneously with crude extracts of Nocardia The crude ex- 
tracts of Nocardia were evaporated to dryness, weighed and dissolved m water at 
the desired concentration, and filtered through Zeiss filter pads The sterile 
solution of the antibiotic was mjected subcutaneously m volumes of 0 2 ml In 
the first experiment 50 mg of the crude extracts were admmistered subcuta- 
neously twice daily for a week, at which time 12 mice were dead The dose was 
then reduced to 25 mg twice daily and mamtamed throughout the experiment 
In the second experiment a dosage of 25 mg of Nocardia extracts was admmis- 
tered throughout the experimental penod In both experiments extracts from 
the culture filtrates and mycelium were used alternately and prepared as pre- 
viously descnbed (Emmart, 1947) The streptomycm used was supphed by 
Merck and Company 

The survivors from each group were killed between the third and fifth week 
after moculation and the autopsy findmgs recorded The mcidence of tuber- 
culous infection was determmed on the basis of visible nodules on the surface of 
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the lungs and from data of microscopic examination of sections and snieara oi the 
lung, h\er, and spleen The degree of tuberculous mvohement was gruied m 
each animal on the basis of 0 to 4 and an average for each group obtained 

Lesions of the hver were rarely seen under gross observation and, thou-h 
present imcroscopicaUy, were less frequent than m the lungs and spleen iL 
grading of the degree of mvolvement was based upon the gross mvoKenient lu 
the lungs as well as upon the extent and progressiveness of the infection as tiiomi 
microscopically m sectioned tissues Since preliminary observ'ations suggested 
that the size of the spleen may change with the development of tuberculosis m 
mice as well as with treatment, notations were made of the size of the spleen of 
the mice of the three groups of tuberculous mice as well as of groups of non 
tuberculous mice similarly treated These measurements were made 2t hours 
after fixation m 10 per cent formalm and were based upon the total length ot the 
spleen and its width at the mid-pomt 

RESULTS 

The results obtamed from the two experiments are similar In each evpcri 
ment 78 per cent of the lungs of the mice in the control groups showed gro.s 
lesions In the groups treated with Nocardia extracts, 25 per cent of the mice 
of the first experiment had lungs with visible tuberculous nodules, and 21 per 
cent m the second experiment Of the streptomyem-treated groups 3 1 per cent 
had visible tuberculous lesions in the first experiment and 32 per cent m the 
second Upon nucroscopic exammation 50 per cent of the mice in the firat cv- 
periment treated with Nocardia extracts were tuberculous m one or more of the 
three tissues, whereas m the second experiment an incidence of 18 per cent was 
obtamed In the streptomyem-treated group the mcidence of infection was 50 
per cent m the first experiment and 63 per cent m the second experiment, and m 
the concurrent control experiments the mcidence of infection was 9 1 and 87 per 
cent, respectively (table 1) On the basis of the gross appearance of the lungs 
and microscopic exammation of the tissues, the effectiveness of treatment of 
tuberculous mice wnth Nocardia extract compares favorably wnth that with strtji- 
tomyem 

The degree or extent of gross tuberculous mvolvement of the lungs alone was 
calculated on the basis of normal, or zero, to extensive, or 4 plus, and an average 
of all mice for each group was obtamed In the Nocardia-treatcd group of both 
experiments a value of 1 0 was obtamed In the streptomyem-treated groups 
the degree of mvolvement was 0 91 and 0 90, respectively Values of 2 3 and 1 7 
m the control groups were obtamed (table 1) 

Blocks of comparable size and location from the lung, hver, and spleen of each 
minimal were selected for sectionmg and microscopic examination A total a\ t r- 
a^e evaluation of all three tissues was made for each mouse and an average c j 
tamed for each group Tissues that showed no tuberculous involvement wen. 
classed as zero Those with sbght nonprogressive mvolv tment vv ere reterre-d to 
as 1 plus These showed one or two small nodulea m the lungs or slignt in- 
volvement of the hver and spleen and the presence of a few acid-fa^t organeaiu 
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The nodules in the lungs consisted principally of lymphocytes surroundmg a small 
group of large mononuclear cells In a few lungs occasional very small foci of 
fibrosis were observed A rating of 1 plus m the hver was given when periportal 
lymphoid tissue and a few large mononuclear cells were seen Karely were acid- 
fast orgamsms present In the lymphoid folhcles of the spleen a few small foci 
of large mononuclear cells contammg a few acid-fast organisms were present 
A ratmg of 2 plus m the lungs denoted 3 to 6 nodules per section These were 
composed of closely packed, large, mononuclear cells surrounded by a narrow 
zone of lymphocytes A moderate number of acid-fast bacdh were present In 

TABLE 1 


Tuberculostalic action of Nocardta extracts and streptomycin as compared with controls 





NO DIED 
OR iTTTT vn 
BEPORE 3 
WEEKS 


PER CENT INCIDENCE 

OP INPECnOSt 

AVERAGE 

TKEATlfENT 

NO OP 

mcE 

1 

PER CENT 
MORTALITY* 

NO ST7R 
vrviNG 3-S 

WEEKS 

Gross 
lesions m 
lungs 

Stained 
sections and 
smears of 
lungs 
liver and 
spleen 

TDBERCG 
LOUS IN 
votvziiEvr 

OP LUNGS 

(Expt 1) 

Nocardia extracts. 

34 

64 0 

22 

12 

25 

50 

1 0 

50 mg twice daily 
for 1 week fol- 
lowed by 25 mg 
twice daily 
Streptomycin, 1 5 

24 

4 1 

1 

23 

34 

56 

0 91 

mg twice daily 
Control 

19 

5 0 

! It 

1 

18 

78 

94 

2 3 

(E\pt 2) 

Nocardia extracts, 

48 

23 0 

11 

37 

24 

48 

1 0 

25 mg twice daily 
Streptomycin, 1 5 

24 

12 5 

3 

21 

32 

63 

0 9 

mg twice daily 
Control 

24 

4 1 

It 

23 

78 

87 

1 

1 7 


* Animals killed at third week were losing weight and ill 
t Only ammals surviving 3 to 5 weeks are included 

t Died before 3 weeks but showed gross lesions of lungs, therefore included in data of 
last 3 columns 

both hver and spleen the degree of mvolvement is more extensive than it is when 
rated 1 plus A ratmg of 3 plus was used to denote the presence m the lung of a 
few fairly large, loosely orgamzed nodules harbormg many tubercle bacilli In 
the livers of mice graded 3 plus a moderate number of large mononuclear cell 
nodules were present which m portal areas sometimes were confluent In the 
spleen 10 to 20 moderate-sized foci of epithehoid cells contammg acid-fast organ- 
isms were present A ratmg of 4 plus was used to designate numerous nodules 
m the lung with areas of consohdation consistmg of masses of large mononuclear 
cells, fibroblasts, and degenerated lymphocytes Necrosis was observed m the 
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centers of nodules in some sections Massive numbers of acid-last or'aai.ms 
were present m the nodules and at tunes m the mternodular area^ 1 he lu ers 
graded 4 plus usually showed many nodules of large mononuclear tells and 
lymphocytes with a large number of acid-fast orgarusms, though occoMoinllv 
preparations of the liver showed no nodular lesions but a generalized inioown 
of Kuppfer cells with acid-fast organisms The spleen showed man> sm ill iixi 
of epithehoid cells contammg numerous acid-fast organisms On thu b ms oi 
evaluation the average extent of tuberculous involvement for the lYoranuu 
treated groups of the two experiments was 0 72 and 0 82, for the streptoni} un- 
treated groups 0 72 and 0 54, and the control groups 1 65 and 1 32 (t iblo 2) 
These figures mdicate the exient of inhibition of the two antibiotics at the do.c 
levels they were admmistered 


TABLE 2 


Summary of microscopic examtnalton of sections of the lungs, liver, and apluns of le<.x.’<d 
tuberculous mice as compared with control mice 


TUuncesT 

\Q or lacz 

SO or ANlltlLS ts CAOI croiTP 
SHOWLSC TI1£ roixowisG Drcixzi or 
nniEacULODS l •\Ot\TittA’T 

rcaiicvicci 

i.noivciUAr 




4+ 


1 2+ 

1 

0 

(Expt 

Nocardia extract 

1) 

12 


3 

■ 


c* 

0 7J 

Streptomycin 


22 

1 

1 



0 

0 7J 

Control 


18 

1 7 

— • 


1 a 

1 

11 

1 

(Expt 

Nocardia extract 

2) 

35 

3 

4 

1 

6 

18t 

0 M 

Streptomy cm 


21 

— 

1 

1 

S 

8 

0 51 

Control 


23 

6 


2 

13 

3 

1 D 


* Five showed to\ic effects of Xocardia extracts 
T Death due to pneumonia 

t Eight sboned toxic effects of Nocardia extracts 


If the total number of nuce that upon microscopic exaramation sho ' cd no 
tuberculosis m each group is considered, further evidence of the tuberculod itic 
effect of these antibiotics is obtamed In the Nocardia- treated group, 21 out 
of 47 mice or 51 0 per cent showed no evidence of tuberculosis In the strtpt<>- 
myem-treated group, 17 out of 43 or 39 5 per cent showed no tuberculous In 
the control groups, 4 out of 41 or 9 7 per cent showed no tuberculous, although 
one of these died of pneumonia (table 2) The latter number repre-ents tin. 
percentage that failed to develop tuberculosis due to poMible technical miptr- 
fection m inoculation and may account m part for the presence of nontuiicrciilous 

mice m the other two groups , 

Upon exammation of those tissues that showed nontuberculous pathu.o^i^a 
changes, it was observ ed that 13 out of 47 treated w ith Nocardia e^tro< t , in ho ui 
experiments showed either one or more pathological conditions, =uch a, v 
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tonitis and pleuntis Hyperplasia as well as degenerative changes of the lym- 
phoid folhcles of the spleen have been observed m the sections of the spleen of 
mice treated with Nocardia ex;tracts These changes suggest a toxic effect of the 
antibiotic 

Measurements of the width and length of the spleens of tuberculous mice as 
compared with those of a group of nontuberculous mice of the same size and 
weight, but similarly mjected with the two antibiotics, were made, and the prob- 
able error of the mean of each group was obtamed (table 3) 

A comparison of the data of the spleen size of normal mice with those of the 
untreated tuberculous mice indicates that the size of the spleen of tuberculous 
nuce mcreases significantly with the development of the infection Furthermore, 
if a comparison is made of the size of the spleens of nontuberculous nuce treated 
with either streptomycm or Nocardia extracts, a significant mcrease m size of the 
spleen is obtamed There is no significant difference m the size of the spleen 
between tuberculous treated mice and nontuberculous treated mice whether the 


TABLE 3 

Size of the spleen of tuberculous and nontuberculous mice as affected by treatment with 
streptomycin or Nocardia extracts 




TUBEKCUtOUS mCS 


HOKTUBEECULOnS UCE 

GlOtTP 

No 

of 

QUC0 

Leagtb 

Width 

No 

of 

mice 

Length 

Width 



mm 

art 


mm 

an 

Controls 

24 

27 0 ± 0 84 

7 0 ± 0 25 ' 

12 

17 0 ± 0 48 

4 3 ± 0 19 

Streptomycm (1 5 mg 
twice daily) 

23 

21 4 ± 0 69 

5 6 ± 0 20 

10 

22 9 ± 0 35 

5 8 ± 0 11 

Nocardia extract (25 
mg twice daily) 

19 

27 0 ± 0 72 

7 2 ± 0 25 

22 

26 0 ± 0 71 

6 6 zi: 0 IS 


treatment is with streptomycm or Nocardia axtract However, a comparison of 
the size of the spleen of the streptomycm-treated tuberculous mice with the 
tuberculous control group mdicates that the reduction m tuberculous mvolve- 
ment (tables 1, 2) may be accompanied by reduction m size of the spleen In 
tuberculous mice treated with Nocardia extracts the mcidence and extent of m- 
volvement of the tuberculous process are reduced, but the average size of the 
spleens remams as large as that of the tuberculous controls This suggests a 
greater toxicity of the antibiotic obtamed from the crude Nocardia extracts than 
from streptomycm (table 3) This view is supported by the histological findmgs 
previously cited 


SUMMARY 

In two experiments tuberculous mice were treated subcutaneously twice daily, 
one group with 25 mg of Nocardia extracts and another group with 1 5 mg of 
streptomycm, and their tissues were studied to determme the efficacy of the two 
antibiotics 
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The results of the experiments mdicate that N’ocanha extracts m their prcson' 
unpunfied state suppress the tuberculous process m mice treated subeut iiiooiid, 
twice daily with doses of 25 mg Data obtamed simultaneoublj from tuber 
culous mice treated with 1 5 mg of streptomycin twice daily indicated i ainiilir 
suppression of the tuberculous process 
The toxicity of the unpurified Nocardia extracts at the dose levels med w is 
found to be considerably greater than that of streptomycm The tubcrculosi itie 
substance obtamed from Nocardia must be further purified before a more preeue 
evaluation can be made of the new antibiotic 

Further work on the fractionation and assay of the Nocardia extracts is in 
progress 
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Infectious sinusitis’ of turkeys is a widespread disease of high morbidity but 
low mortahty and one that causes considerable loss to the grower The disease 
IS easdy recognized clmically by marked swellmg of the infraorbital smuses 
Distention of the smuses is caused by the presence of exudate that tends to m- 
crease m volume and viscosity as the disease progresses Viral etiology of the 
disease was first suggested by Hart (1940) and Hmshaw (1945) on the basis of 
transmission and filtration experiments The observation that smus exudate 
aspirated early m the course of theartificially transmitted disease was bacteriolog- 
ically sterile, whereas exudate collected durmg later stages contamed a vanety 
of bacteria, prompted mvestigations that led to the isolation of an agent m the 
yolk sac of the chicken embryo capable of producmg clmical smusitis (Group^, 
Wmn, and Jungherr, 1948) Microscopic exammation of impression smears 
of infected yolk sac tissue stamed by Machiavello’s method revealed coccoid 
bodies morphologically resembhng those of the Chlamydozoaceae (lympho- 
granuloma-psittacosis group of agents) The present communication contains 
a description of this agent 


METHODS 

Transmission of the disease Transmission of the disease was conducted m 
the usual maimer (Hmshaw, 1945) by aspiratmg exudate from the swollen 
smus with a 2-ml syrmge equipped with an 18-gauge needle and moculatmg 0 5 
ml of the undiluted exudate mto the infraorbital smus of a normal turkey 
Marked swellmg of the moculated smus was evident 5 to 10 days after moculation 
of either smus exudate or infected yolk sac tissue Exudate aspirated durmg the 
first few days after the appearance of clmical symptoms was an albummous 
fluid that was usually free from contammatmg bacteria Later, however, the 
smuses became greatly distended with caseous material that was grossly contam- 
inated The most desirable material for transmission or virus isolation was, 

* This investigation was supported in part by a research grant from the Division of 
Research Grants and Fellowships of the National Institute of Health, U S Pubhc Health 
Service 

* It IS a pleasure to thank Dr Geoffrey Rake for his counsel and encouragement and 
to acknowledge the technical assistance of Mr Bernard F Smith 

’ The term infectious sinusitis of turkeys was suggested by Dickenson and Hmshaw 
(1938) to differentiate it from sinusitis that may occur in connection with reduced vitanun A 
intake (Hmshaw and Lloyd, 1934) or follow inoculation with Hemophilus gallinarum (Beach 
and Schalm, 1936) 
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ther efore, exudate collected withm 4S hours after the appearance ot clinKal 
symptoms 

Inoculation of chicken embryos Chicken embry os were moculatcd in the U'ual 
manner (Bevendge and Burnet, 1946) Embry os m the 6th day of de\ elopmcat 
were used for yolk sac moculation and candled daily for 13 day s alter inoculation 
Embryos m the 10th day of development were used for mocubtion into the il 
lantoic sac or onto the chonoallantois and were candled daily for 6 days alter 
moculation 

Infectimiy lilraiions in chicken embryos Serial 10-fold dilutions ot inlccttxl 
tissue were made m tryptose broth, and 0 5-ml amounts of the appropnate dilu- 
tions were moculated mto groups of 6 or more embryos by the yolk b.ic route 
The 50 per cent lethal dose (LDjo) was calculated accordmg to the methoel ot 
Reed and Muench (1938) 

Serial passage of the agent in the yolk sac of chicken embryos Serial passage ot 
the agent m chicken embryos was mam tamed by moculatmg 0 2-ml amounts ot i 
1 100 dilution of infected yolk sac tissue mto the yolk sac of embry os m the 0th 
day of development The moculated eggs were meuba ted at 36 C and nere 
candled twice daily until all the embryos succumbed to the mfection The most 
desirable matenal for subsequent passage was found to be yolk sac tiaouc iur- 
vested 3 to 5 days after moculation when less than half of the total number ot 
embryos moculated remained alive Microscopic examination of imprtsoion 
smears, stamed by hlachiavello’s method, of embryos that had been de id or 
monbund for less than 3 hours revealed forms morphologically resembling thoeo 
found m the Chlamydozoaceae However, the numbers of such forms m snaars 
from mdmdual yolk sacs were subject to considerable variation Smie only 
those yolk sacs whose smears revealed numerous coccoid bodies regularly killed 
embryos m dilutions of 10~’ ^ to 10“’-*, it was most important to exammo eaeh 
yolk sac used for subsequent passage Coccoid bodies were seldom objcn td m 
smears from yolk sacs harvested from embryos dead 6 or more days alter inotii- 
lation Yolk sac tissue alone and suspended m yolk remamed mfeetne tor 
chicken embryms after storage for more than 13 months at —20 C, although a 
considerable drop m the titer was observed However, the infectiv ity of riindar 
material was destroyed when it was dned from the frozen state 

Preparation of histological sections Tissues were fixed in Zenker’:) .olut m 
contammg 5 per cent glacial acetic acid for 6 to 8 hours Paraffin ^ectioiu 
prepared m the usual manner and stamed wnth Giemsa (Wolbach’s modifiiat un) 
We are mdebted to our colleague, Mr August Schulze, who preparcti all .ccuau, 
and to Dr Geoffrey Rake of the Squibb Institute for Medical Rcocardi tor tl o 
use of his laboratory m makmg photomicrographs 

Complement fixation tests Complement fixation teats were pcrtorimd in tt 
usual manner accordmg to the method described by McKee, Rake, and "“y 
(1940) for ly-mphogranuloma lenereum Turkey amuaitia cornpIcmLnt niaao i 

antigens were prepared m the folloivmg manner Heaiily miccted yolk ai 

shown by the presence of large numbers or cotcoid bodits) vori. liomo„. ni.. 
m a Wanng blender to make a 10 per cent tn::ut m::pLn'ion by ..cignt on 
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activated suspensions were used as antigens after centrifugation at 1,500 rpm for 
15 minutes A 10 per cent suspension of normal yolk sac tissue similarly pre- 
pared was used as a control antigen Positive turkey sera were collected 4 to 6 
weeks after the first appearance of climcal smusitis followmg transmission of 
the disease m turkeys It has been reported that inactivation of chicken sera 
(Bushnell and Hudson, 1927) and turkey sera (Pollard, Hall, and Eichhorn, 1943) 
by heatmg the sera to 56 C for 30 mmutes resulted m a loss of the ability of the 
sera to fix gumea pig complement Our findmgs were m agreement Conse- 
quently, m these tests, only mammahan sera were mactivated at 56 C for 30 
minutes and all avian sera were tested m their native (unmactivated) state 
Lymphogranuloma venereum complement fixation antigen (Squibb) derived 
from infected yolk sacs was obtamed through the courtesy of Dr Geoffrey Rake 
of the Sqmbb Institute for Medical Research Positive human sera from cases 
of lymphogranuloma venereum were obtamed through the kmdness of Dr A W 
Grace of Long Island College of Medicme (serum PA, SH, FL, HI, and TH) and 
Dr M R HiUeman of the Virus Laboratories, E R Sqmbb and Sons (serum SP) 
In all mstances m which turbidity of the antigen might have masked the presence 
or absence of hemolysis, those tubes along with the appropnate control tubes 
were centrifuged at 2,000 rpm for 20 mmutes to determme the presence or 
absence of mtact blood cells 

Methods used in testing compounds for antiviral activity [a) Combined method, 
in vitro and in vivo An appropriate volume of a sterile aqueous solution (pH 5 5 
to 8 0) of the substance to be tested was muxed with an equal volume of tryptose 
broth contammg 10® LD50 of virus per ml After mcubation at room temper- 
ature for 2 hours, 1 0-ml amounts of the substance-virus mixture were moculated 
mto the yolk sac of chicken embryos m the 6th day of embryomc development 
A similar group of embryos were moculated with 1 0-ml amounts of the virus 
diluted with equal parts of sahne The moculated eggs were candled daily for 
13 days after moculation All embryos dead durmg the first 2 days after mocu- 
lation were routmely discarded as nonspecific embryo deaths Both the per- 
centage of survival and the average day of embryo deaths as compared with 
those of the control group were used as criteria for evaluatmg the effects of a 
given substance on the virus In computmg the average day of embryo deaths 
all embryos still hvmg on the 13th day after moculation were regarded as dead 
on the 14th day (5) Chicken embryo protection tests Two groups of 48 chicken 
embryos m the 6th day of embryonic development were moculated mto the 
yolk sac with 0 2 ml of sahne and of an aqueous solution of the substance, respec- 
tively Thirty mmutes later both groups were moculated with 0 2 ml of broth 
contammg approximately 10® LDea of virus The eggs nere candled daily for 
13 days after moculation, and all embryos dead durmg the first 2 days after 
inoculation were routmely discarded Both the rate of embryo deaths and the 
percentage of survival as compared with the control group were used as critena 
for evaluatmg the protective effect of the substance (c) Chicken embryo thera- 
peutic test Nmety-six chicken embryos m the 7th day of embryomc develop- 
ment were moculated mto the yolk sac with 0 2 ml of broth contammg approxi- 
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mately 1(P LDis of virus Two da33 after moculaiion, when the cmbrjos were 
m the 9th day of embrj^omc devdopmeat, half of the embrjo^ were laocuhttd 
into the allantoic sac vatix 0 5-ml amounts of a stenle aqueou:, .olntion ot tU 
substance The remammg embryos were inoculated inth 0 o ml ot v dine ind 
served as the control group From this point forward the proceiliire tolloaal 
was identical with that of the cluckea embrjo protection test dutribal ibow 
The aureomycm used m these experiments was obtained through tho courtc.w 
of Dr Herald R Con, Section of Viral and Rickettsial Research, Lcderlo Libon* 
tones, Inc 


CBOVR-XCTEIUSTICS OF TUB VGENT 

Morphology Beginning with the fourteenth egg p-u^age, when the mlittue 
titer of yolk sac tissue had reached 10“* or more, small coccoid bodies resembling 
those of the Chlamydozoaceae were regularly obsened la imprcsjjioti aiucus oi 
infected yolk sacs stamed by Alachiavello’s method (Groupd, Winn, and Jung 
herr, 1918) The bodies varied m size from approximately 0 5 p to 1 0 a or more 
and were usually embedded m a matrix Sections of infected 3 olk s.its wire 
prepared and stamed with Giemsa (Wolbach's modification) to determine the 
location of the bodies withm the yolk sac It w ill be seen m the photouucrogr iph 
shown in figure 1 that numerous coccoid bodies were present m the c>topI urn 
of the yolk sac cells Occasionally filamentous structures suggesting chain fomu 

tion were observed Not infrequently masses of coccoid bodies nero found in 
the yolk adjacent to infected cells Such a mass of coccoid bodies is shoan m 
figure 2 Smee the vast majority of the coccoid bodies seen m sections 
found withm the cytoplasm, the extracellular bodies found m tho yolk prob ibly 
represent the contents of ruptured yolk sac cells The morphology of tlic cotto d 
bodies themselves was best studied m impression smears of infected jolk -au 
stamed by ^lachiavello’s method The great majority of coccoid bodies itt,n 
m impression smears were found m aggregates and were almost luv vrubl> 
imbedded m a hght blue matrex The coccoid bodies were stained red or blue 
with equal frequency and varied considerably m size (from less than 0 5 m to I *• 
or more) Aggregates of coccoid bodies varied m size from groups of I or o 
bodies to large masses of thousands of bodies A micrograph of a typical a^r' 
gate of coccoid bodies imbedded m a matrex is presented m figure 3 

Further evidence of the large size of the agent was obtamed from filtratici 
experiments At least oO ml of a 1 100 dilution of infected yolk s*ie te^^ue 
filtered through Berkefeld V, Bcrkefeld N, and Seitz EK filters, reqiceti.cb 
The filtrates obtamed, together with the unfiltcred suspension, \'.eru tesltd E' 
infectivity by moculation mto the yolk sac of chicken cmbr>os lu the Clh da^ 
embryomc development It wall be seen from the data prescnted^in^ \ 
that all embryos moculated wnth the unfiltercxl suspension and the Berktit d 
filtrate died, whereas all embryos moculated with the Cerkeield A ai.d “ititz ^ a 
filtrates were still hvmg 1-i days after mocubtion In addition, tiie a.cr ^ ^ 
of embryo deaths was deb^ ed 4 1 da>s by filtration througn a B.rnU. d N i 
It 13 evndent, therefore, that an mfected jolk sae suspension did no' r.^dii,. j-a 
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Bel kef eld N oi Seitz EK filteis but passed through a Beikefeld V filter with 
considei able loss of infectivity (see table 3) It is of interest to note in connection 

\ 

1 ^ * 



2 3 


Figure 1 Intracytoplasmie coccoid bodies within yolk sac cell Section Giemsa 
X 1,200 

Figure 2 Aggregate of coccoid bodies in yolk adjacent to infected yolk sac cells Sec- 
tion Gieinsa X 1,200 

Figure 3 ‘Aggregate of coccoid bodies Impression smear of infected yolk sac Machia- 
vello’sstiin X 1,200 

With the foiegomg filtiation expeiiments that Halt (1940) was unable to transmit 
the causal agent in sinus exudate aftei filtiation thiough Elfoid collodion 
membianes of A P D of 0 7 ji, and Hmshaw (1945) was unable to tiansmjt the 
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disci^e with filtr ucs ot muus cniuI uo ironi tli inihtr! un (I 51 iiui -mit i. d i 
filler' 

Propatjalwn in tin cIncUn anhnjo ftmus onvuI He I'pii Hi d on t!u -u ond ,i n 
after the ippeiuncc of tliim il MiiuMtis iml momlHid mu> the \olk 'O 
thiekcuembr\o;, killed dlcmhvNO'Uto 12dn.' iltu inoiuhtion whin 
lation of the ^lmo mateii d into the dl iiitoiL 'U oi onto the i horio dl int..i' u u 
not leth vl and piodviccd no 'igmfu uii m icio-copit tii mm' (tiiunpi , U mn md 
lungherr, 194S) Yolk ml moLuluion ot intrLted \oIk 'U ti"in u i' ih.r. 
foie, selected ns the method ot choice loi 'uhseqiient 'cn d ji i"im' in tin ilm Mti 
embr}o Infected j oik sits pi o\ eel to be b ictci lologic dh 'tciik win n nu ulut<d 
at 3b C undei the following conditions on blood ag u pi itts (iindti Imtli u mb,, 
md anaerobic conditions) foi IS houis, m X I II thioglccolHi Inoili (Dili.i 
foi 72 hoiiis, in 30 pei cent cow seriunbioth loi 7 d u-,, md in i iniNtuii ut snU 
and aniniotic fluid fiom norm d thicken cmbicos m tin 7th d i\ ut unlinnii. 
de\ elopment 


Tviii r 1 
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’ Number of cmbrios dc id/tot d number of embreos uiocul iltd 
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Data peitinent to the hist 2b pi"igcs m thitkon tnibicu' In tin mlk i' 
route weie biimmaiizcd md thecl it i aie picscntcd mt ihlc2 Itwillbi miiiIiH 
(a) Ihe infectu ity of ^ oik sac tis'Ue mciea'td lioin in Id),o to U1 ‘ ' u'd lu 
in the thud embijonit pissigc to in LDi,o of git Hti th m 10 in du --I'd 
embij'O passage (b) Coctoid bodies wtie not ob'cnid m impu' mii in' 

stiiiiedbj ;Machiacello’s method fiom the colk ' u ' h n\( still tioin tin I'l j 

5th, and'bth embijo pi'sigcs but wcit itguliiK ob'crcid in 'iin U' "i snl 
sics beginning with the 11th cnibico pi"ige It would i[)|n ir tint m-m,. 
bodies weie not obsentd in impiC"ion 'int U' until tin inlittnitc ut< r <.i i " 

\olksic tissue was gi cater thin m LD.„ oi lO'” '' b) Inlu tid %olk ' i" m m 
the3id,4th, 7th, md Ibth embn o p i" igts wcii found toi ui'i ihnn d -iii'i'in 
in turkecs following mtr isinU'Oid d mot id Hion 
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death was found to accompany serial dilution of infected tissue m ^ach of many 
additional mfectmty titrations 

Propagation of the agent m the chicken embryo by other routes of moculation 
was studied and the results are described below Inoculation of an mfected yolk 
sac suspension onto the chorioallantois of 10 embryos produced no macroscopic 

TABLE 2 


Summary of the first 2S chicken embryo passages of the agent of turkey sinusitis 


rmnrr-M eubkyO PASSAGS 

rmrtrvM E1Q2Y0 lOia 

P2PSEHCE 07 COCCOm 
BODIES ZN SMEABS 

ZNTBASINnSOIDAL INOCULA 
HON INTO TUBKEYS 

1 


0 


2 

j 

0 


3 

10-* 10-‘ « 


Sinusitis (2/2)* 

4 



Sinusitis (2/2) 

5 

io-< ir* 5 




10-“ 2 

0 


6 

10-« 0 

0 


7 



Sinusitis (2/2) 

8 

10-* « 



11 

10-7 0 



14 


4* 


15 


+ 


16 

10-7 4 

-h 

Sinusitis (5/5) 

17 


+ 


22 

>10-7 0 

+ 


26 

>io-» » 

+ 



* Number of turkeys that developed sinusitis/total number inoculated 

TABLE 3 


Titration of infected yolk sac tissue m chicken embryos 


INTZCIED YOtK SAC TISSUE DILUTED 

DEAD/lOTAL 

AVEBACE DAY 07 EUSBYO DEATHS 

10-7 

19/19 

4 7 

10-7 

17/17 

5 2 

10-7 


6 6 

io-‘ 


7 8 

10-“ 


9 7 

10-7 

10/18 


10-“ 

4/19 


10-7 

3/19 



changes by the 6th day after moculation However, moculation of these 
membranes back mto the yolk sac of 10 embryos resulted m the death of all 
moculated embryos 4 to 6 days after moculation It would appear that the agent 
propagated to some extent foUowmg moculation onto the chorioallantois although 
no macroscopic lesions were produced on the membrane Inoculation of an 
mfected yolk sac suspension mto the allantoic sac of 10 embryos was not lethal 
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for chicken embryos and produced no macroscopic changes bj the 3rd or Gth d'\ 
after moculatjon Subsequent senal passage of allantoic Auid han-oatcd 3 to i 
days after moculation mto the allantoic sac for 9 consecutne poxagca a is 
made m an attempt to adapt the agent to the allantoic sac However, after D 
such passages the LD 50 of the allantoic flmd for embrj 03 moculated b> the j o!\ 
sac route was still less than 10~^ It is quite possible, however, thit lurtlcr 
passage m the allantoic sac, or alternate passage m the > oik sac, would result in 
allanotic flmd of a much higher titer Coccoid bodies were not ob^erveil la 


T\BLE4 

Infeclivily and pathogenicily of sitaperwtona of infected yoU sacs for cxpentncr/al ar\w 


EXFCUUXIKIAI. AXULO. 




1 

Obiervi 


snmoui 

vtciom ii'o 

Speaes 


Route 

UOQ 

penod 

Number 




stl 






Turkey 

s 

IS 

21 

12 

Inoculated si- 

Sinus Lxudatt 





nus dis- 

tended 



Turkey 

s 

IN 

21 

0 

None 

None 

Turkey 

s 

IV 

21 

0 

None 

None 

Turkey 

s 

IC 

21 

0 

None 

None 

Turkey 

s 

ID 

21 

2 

None 

Nodi, 

Turkey 

s 

I P 

37 

4 

Cough 

Vbdoniioal air 






sac exudate 

Chicken 

7 

IN 

21 

3 

None 

None 

Chicken 

19 

IS 

14 

2 

None 

None 

Chicken 

19 

IC 

14 

0 

None 

None 

Chicken 

19 

IV 

14 

2 

None 

Norn, 

Chicken 

19 

ID 


2 

None 

None 

Pigeon 

e 

I N 

21 

2 

None 

None 

Pigeon 

Jilouse (albino) 

6 

3 

IP 

IP 

21 

21 

0 

20 

None 

None 

None 

None 

Mouse (albino) 

3 

IC 

21 

20 

None 

None 

Mouse (albino) 

3 

IN 

21 

20 

None 

None 

Mouse (albino) 

3 

IV 

21 

20 

None 

None 


I s , intrasinusoidal, I N , lutranaaal, I C , latracerebral, I P , mtrapcritonLal, I \ . 
intravenous, IJD , intradermal 


smears of the allantoic fluid or of the chorioallantois follo.ving inoculation into 

the allantoic sac or onto the chonoallantois ,1, , . 

Palhogentcily Hart (1^) described sinusitis in turke> s as a disease that 
apparently specific for turkeys and one that could be transmitteal erpcrimcnta > 
only by direct moculation mto the smus The experiments f 
suDDort these findmgs The mfectivity of beavilj miectcd jolk 
turkejs, chickens, pigeons, and mice was tested by inocubnon 01 apjirop 
amounts of 10 per cent yolk sac suspensions by varioin, routes 
from the data presented m table 4 that smusitis .vas produced m tur.t, 
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following direct inoculation into the sinus Inoculation of turkeys by the intra- 
nasal, intravenous, intracerebral, and intradermal routes was without effect 
However, intraperitoneal inoculation in turkeys caused the formation of con- 
siderable amounts of yellowish exudate on the abdommal air sacs by the 37th day 
after moculation Chickens moculated directly mto the smus and by the mtra- 
nasal, mtradermal, mtracerebral, and mtravenous routes were resistant to 
infection Similarly, pigeons moculated mtranasally and mtraperitoneally were 
not susceptible Inoculation of albmo mice by the mtranasal, mtraperitoneal, 
mtracerebral, and mtravenous routes was completely without effect In order to 
determme whether the agent was present m the tissues of mice 21 days after 
moculation by the mtraperitoneal and mtracerebral routes, suspensions of liver, 
spleen, and bram were moculated mto the yolk sac of groups of 15 chicken 
embryos The agent was not recovered m chicken embryos from any of the 9 
mouse tissue suspensions It is evident from the data presented that (a) heavily 
infected yolk sac tissue was capable of producmg smusitis m turkeys only after 
direct moculation mto the smus, and (b) chickens, pigeons, and mice moculated 
by vanous routes with similar material were not adversely affected 

Immunity to reinfection was demonstrated by the foUowmg experiment 
The swollen smus of turkey G, mfected with smus exudate from the 2nd serial 
passage of the disease, was aspirated 28 days after the appearance of chnical 
symptoms SweUmg of the smus did not reappear Three weeks after aspira- 
tion 0 5 ml of a 10 per cent suspension of heavily mfected yolk sac tissue was 
moculated mto the smus of turkey G and mto the smuses of two normal turkeys 
Clmical smusitis developed m the usual manner 4 to 8 days after moculation m 
both control turkeys but did not reappear m turkey G 
Serological aspects It will be seen from the precedmg sections that the 
morphological and tmctorial characteristics of the agent of turkey smusitis and 
its tropisms for the chicken embryo resemble those of the Chlamydozoaceae 
Inasmuch as the members of the Chlamydozoaceae contam a common comple- 
ment-fixmg antigen or antigens (Rake, 1948), it was of considerable mterest to 
determme whether the agent of turkey smusitis also contamed such an antigen 
Accordmgly, reciprocal complement fixation tests were done (see “Methods”) 
utihzmg the agent of lymphogranuloma venereum (Miyagawanella lymphogran- 
ulomatis) as the representative of the Chlamydozoaceae, and the results are 
summarised m table 5 It is evident from the data presented that (a) each of 2 
turkey sera from cases of smusitis diluted 1 10 and 1 20, respectively, fixed 
complement m the presence of turkey smusitis (TS) antigen but not m the 
presence of lymphogranuloma venereum (LGV) antigen or normal yolk sac 
(NYS) control antigen, (b) each of 6 human sera from cases of lymphogranuloma 
venereum m dilutions rangmg from 1 40 to 1 320 fixed complement m the 
presence of the homologous antigen but not m the presence of turkey smusitis 
antigen or the normal yolk sac control antigen, and (c) no fixation of complement 
occurred with normal turkey serum or normal human serum m the presence of 
any of the antigens Similar results were obtamed m rephcate tests when 
diluted antigens were used and when the tests were held 18 hours at 4 C before 
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the addition of the sensitized sheep cells Ic nould appear from the d ua tne- 
sented that the agent of turkey sinuaztia does not tontim eomplenumt lixin- 
antigens in common with the Chlmmjdozoactae 
Effect of lariQuschemoiyrapeulic agents Inasmuch is thcbulfonamidcsfJom , 
Rake, and Steams, 1945), peniciUm (Parker and Diefendort, 191 1), uul luri- 
omyem (Wong and Co\, 1948) have been shown to inhibit members ol the 


T VBLE 5 


Summary o/ complement fixation tests 


S££A tKOK 


A'OICXSS 



TS 

ws 

LGV 


Turkey sinusitis 





Turkey 58 

1/10* 

0 

0 

0 

Turkey 59 

1/20 

0 

0 

0 

Normal turkey serum 

0 

0 

0 

i 

0 

Lymphogranuloma venereum 



SP 

0 

0 

1/320 

i 0 

P4 

0 

0 

l/io 

0 

SH 

0 

0 

1/ltO 

0 

FL 

0 

0 

1/10 1 

0 

HI 

0 

0 

I/ICO 1 

0 

TH 

0 

0 

1/10 j 

0 

Normal human serum 

0 

0 

0 1 

u 


TS, turkey sinusitis antigen (10 per cent yolk sac suspension), LGV, limpho,.ranu!u a 
venereum antigen (Squibb), NYS, normal yolk sac control antigen 
* Highest dilution of serum showing definite fixation of complement 


TiVBLE 6 


Effect of various chemotherapeutic agents on the agent of turl eg sinusitis using the cjinhtnt I 

method, in vitro and in iiio 


CnEUOTHElAPECTlC ACEST 

1 TUATEO UfBKYOS 

ITfrilATtD IJllt » 

Dead/ 

total 

Mortaiily 

Avenge 

day 

of dealhi 

Dead/ 

toUi 

1 Mortality 

111 

Ur 

Sodium sulfadiazine, 2 0 mg 
Penicillin G, 1,000 units 

Streptomy cm, 500 units 

Aureomycin, 1 0 mg 

1 

29/42 

30/33 

6/40 

15/35 

ficr cenj 

1 60 

91 

1 13 

43 

10 5 

6 9 

1 

1 

21/10 
30/31 
31/37 
39/ a 

1 CO 

97 

Si 

SJ 

lu J 

i ‘ ^ 

0 ’> 




Chlamydozoaceae, it was of mterest to determine the po«ible mliibitorv tiTti 
various chemotherapeutic agents against the agent of turkey sinu-itu eo d 
mgly, the chemotherapeutic effect of aodium suliaduzine, pciiitillm, 
mycin, and aureomj cm agamot this agent was tested umng the eombiin <1 ti t . 
in niro and in mo (see “Methods”) ihe results are summiruM ui ub' o 
It wall be seen from the data pre:K,ntc-d that neither sodium ailiadeuiiu ( i r ■ 
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nor penicillin G (1,000 units) significantly decreased the percentage of mortahty 
of the embryos or the average day of embryo deaths when mcubated m vitro 
with the virus before moculation mto chicken embryos However, streptomycm 
(500 imits) and aureomycm (1 0 mg) reduced the mortality of the embryos by 
71 per cent and 46 per cent, respectively 



DAYS AFTER INOCULATIOM 

FtfjUre 4 Chicken embryo protection test Protective effect of streptomycin 



DAYS AFTER INOCULATION 

Figure 5 Chicken embryo protection test Protective effect of aureomycm 

Smce streptomycm and aureomycm were found to inhibit the agent of turkey 
smusitis when mcubated m vitro with the virus before moculation mto chicken 
embryos, it was of mterest to determme whether these antibiotics would evert a 
protective effect on chicken embryos when the chemotherapeutic agent was 
moculated 30 mmutes before the virus It will be seen from the data graphically 
presented m figure 4 that 69 per cent of the embryos receivmg 5,000 units of 
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Streptomycin i\ere stiU living on the 9th day atter motulatioa as conijiarctl .>i£h 
18 per cent of the control embryos, and that the streptomjcin e.xertod a (hmiitl 
protective effect It mil also be seen (figure 5) that 86 per cent of the cinbr\(. ( 
receiving 1 0 mg of aiireomjcm were still living S da >3 after mocul itioii uhtn ill 
the control embryos were dead, and that aureom> cm exerted a striking prolvcuvo 
effect 

Inasmuch as streptomycm and aureomjcm were found to exert i prottctne 
effect on chicken embryos subsequently in/ccted with the agent ot turu> 
smusitis, it was of mterest to determine whether these antibiotics would ex(,rt i 
therapeutic effect on chicken embryos Accordingly, 5,000 units ot strci)tom>ua 
were moculated mto the allantoic sac of embryos 2 days after the inotul lUo'i ot 
the VITUS into the yolk sac The results are graphically presented in figure o 
It will be seen that 71 per cent of the embryos treated with 5,000 units ot sltc^v 
tomycm were still alive on the 5th day after inoculation of the virus as comp ual 





DAYS AFTER INOCULATION 

Figure 6 Chicken embryo therapeutic test Therapeutic effect ot streptonji-‘a 


With 28 per cent of the control embryos, and that streptomycin exertexi a dehnite 
therapeutic effect In a similar experiment, Iioweier, 1 0 mg of aareoni>ui 
moculated 2 days after the virus did not significantly delay death of the tmbrye J 
although it would seem probable that better results would be obiamtei -I'li 
higher concentrations of aureomyem It is evident from the data prL^cxitLiJ ih i- 
the agent of turkey smusitis was mhibited by streptomyem and aurcomytin hit' 
not by pemciUm or sodium sulfadiazine 
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Chlamydozoaceae m the following characteristics (a) lack of pathogenicity for 
mice, (b) absence of a common complement-fixmg antigen, (c) susceptibility to 
streptomycm, and (d) lack of susceptibihty to sulfadiazme and to high concen- 
trations of penicillm In view of this unique combmation of characteristics any 
attempts to classify the agent of turkey smustitis at this time would appear to be 
unwise However, the possibility of the existence of another group of similar 
agents with morphological and cultural characteristics m common with the 
Chlamydozoaceae should not be ignored 
That the agent descnbed m this communication is not the only agent capable 
of producmg smusitis m turkeys is shown by the fact that clmical smusitis has 
also been produced m turkeys by the moculation of Hemophilus galhnanum 
(Beach and Schalm, 1936) In addition, agents capable of producmg smusitis 
m turkeys have recently been propagated m the allantoic sac of chicken embryos 
by Jerstad and Hamilton (1948) and m 11-day embryos by Bbtchner (1948) 
However, the relationship of the latter agents to each other and to the agent 
descnbed here is not known 


SUMMARY 

The characteristics of an agent, morphologically resemblmg the Chlamy- 
dozoaceae, causmg smusitis m turkeys have been studied and the results are 
bnefly summarized as follows 

Morphology Small coccoid bodies varymg m size from less than 0 5 m to 1 p 
or more usually imbedded m a matrix were found m impression smears of mfected 
yolk sac tissue stained by Machiavello’s method and withm the yolk cells m 
sections of mfected yolk sacs stamed with Giemsa 

Filterabihty Suspensions of mfected yolk sac tissue did not readily pass 
Berkefeld N or Seitz EK filters but passed through a Berkefeld V filter with 
considerable loss of mfectivity 

Cultivation The agent was cultivated with ease m the yolk sac of the chicken 
embryo and with some difficulty m the allantoic sac or on the chorioallantois 

Serological aspects Sera from mfected turkeys, m low dilutions, fixed com- 
plement m the presence of heavily mfected yolk sac suspensions, but no comple- 
ment-fixmg antigens m common with the Chlamydozoaceae were detected 

Pathogenicity Infected yolk sac suspensions produced smusitis m turkeys 
only after direct moculation mto the smus and were not pathogenic for chickens, 
pigeons, or mice 

Chemotherapy The agent was not susceptible to sulfadiazme or relatively 
high concentrations of penicillm, but was definitely inhibited by streptomycm 
and aureomycm 
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An interesting effect of pemciUin was observed m agar plates containing the 
antibiotic and inoculated with Streptobacillus momlifoimts and Bader aides 
(Dienes, 1948c) The cultures of these species undergo a peculiar transformation 
under certam conditions The bacilh swell mto large round forms, the culture 
autolyzes, and a new growth appears that is similar m appearance and mor- 
phology to the pleuropneumoma group of organisms Pemcdhn greatly favors 
this transformation In the absence of penicilhn only a few pleuropneumomahke 
colomes develop among the bactenal colonies, when pemciUm is mcorporated m 
the media, such colomes grow abundantly m pure culture Some Baderoides 
strams that do not produce pleuropneumomahke colomes without penicilhn 
produce them abundantly on pemcdlm plates It became apparent when the 
esperiments were extended to other species that pemcdlm exerts a similar effect 
on many gram-negative bacilh Pleuropneumomahke colomes have been iso- 
lated with the help of pemcdhn from Proteus (Dienes, 1948o), Hemophilus 
influenzae (Dienes, 1947), and Eberthella typhosa (Dienes, 19486), from several 
Salmonella and Shigella strams, and also from gram-positive spore-bearmg 
bacdh Although they were not isolated m pure culture, their development was 
observed m many other species 

This pecuhar effect of pemcdhn and the properties of the cultures observed m 
various species will be described m a series of papers The observations made 
with Proteus are discussed first because they are more complete and certam 
aspects of the phenomena are more clearly apparent m them than m the other 
species 

The small bacillary forms of Proteus that are present m broth or m well- 
developed agar cultures under normal conditions of cultivation show no pleo- 
morphism and no signs of development mto L type colomes These phenomena 
can be observed m the filamentous forms m the spreadmg zone of young agar 
cultures if normal growth is disturbed (Dienes, 1946) Many filaments m this 
zone are transformed imder appropriate conditions mto large bodies, which 
either return later to the bacillary form or grow mto tmy pleuropneumomahke 
colonies A tendency to become pleomorphic and to transform mto L type of 
growth IS present m Proteus, but it is much less apparent under normal con- 
ditions of cultivation than it is m Streptobacillus moniliformis or Baderoides 

‘ The expenses of this investigation have been defrayed in part by a grant from the Com- 
monwealth Fund 

* This is publication No 105 of the Robert W Lovett Memorial Foundation for the study 
of crippling disease 
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This tendency as m the two other species is greatly increased by pemciUm 
Incorporated into agar or broth in concentrations of between 10 to 50 units per 
ml, penicillin inhibits the multiphcation of most strains in the usual bacillary 
forms On agar media of appropriate composition, groiv th contmues m another 
form similar m morphology and growth properties to Li m Sireptobactllus 
■mmihformts The bacilli swell mto large round forms withm a few hours, and 
smaU colomes develop durmg the following days on plates containing up to 
10,000 units of pemcillm per ml, the highest concentration that rvas tested 
The development of these colomes has been variable m different experunents, 
and only after much experimentation were the conditions determmed under 
which they developed regularly The best results were obtamed when fresh 
broth cultures were transferred to soft nutrient agar contaming 10 per cent horse 
serum and the plates were mcubated aerobically at 35 C The medium nas 
prepared by addmg 50 to 100 per cent broth and 10 per cent red-colored horse 
serum, obtamed by defibrination of the blood, to the tryptic digest agar used 
routmely m the laboratory Serum obtamed by coagulation of blood iias un- 
satisfactory m most cases and was unimproved by the addition of laked horse 
blood Pemcillm is mcorporated mto the medium when the plates arc poured 
The morphology and the other properties of the cultures developing ou these 
plates are very different from those of the usual bactena A detailed description 
13 necessary to charactenze them adequately For this reason it is advisable to 
describe first m a general way the development of the cultures before describing 
the mdmdual experiments m detail 

The first change apparent m plates contaming 100 to 10,000 units of penicillin 
per ml is the development of a moist layer over the heavily inoculated areas 
The slight hazmess that remams on the plates after the broth culture is resorbed 
mto the agar transforms m 6 to 14 hours mto this moist layer A few tiny 


colonies occasionally are apparent after overnight mcubation Numerous tiny 
colonies of uniform size and varymg numbers of much larger colomes develop 
durmg the followmg days Both types of colomes mcrease m size during the 
followmg 7 to 10 days The appearance of a plate with well-developed colonies 
of both types is shown m photograph no 1 of figure 2 This agar plate was 
lightly moculated N umbers 3 and 4 show two similar plates wi th the small and 
large colomes, respectively The tmy colonies rarely develop to a size larger 
than 0 3 mm , the large type may grow to 2 mm or even more The tmy colonies 
produce a confluent growth m heavily moculated plates, but the large colonies 
usually do not coalesce For reasons that will be apparent later, the tmy colonies 
are designated as colomes of stage 3A, the large ones as colomes of stage 3B 
The growth that develops m transplants made from these two types of colonies 
13 markedly different The large colomes of stage 3B reproduce the bacillary 
form of Proleus withm a few hours if they are transferred to any of the usua 
liquid or solid media without pemcillm On soft horse serum agar contaming 
pemcillm abundant growth of the tmy stage 3A colomes develops A few rgc 
colomes similar to the ongmal growth also develop on some plate, ^ 

occur m consecutive transfers if the large colomes are individually picked 
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and transferred In this way it is possible to keep them m contmuous growth 
Transplants to the usual hard agar plates usually produce no macroscopic 
growth The growth of the large colonies m transfer was always scanty and 
even unobtamable with several strams This behavior of the stage 3B colomes 
13 surprismg because they grow to a large size and theu growth requirements, as 
will be seen later, are less exactmg than those of stage 3A colomes The large 
stage 3B colomes do not consist of penicdlm-resistant bacilh, for not only is the 
morphology of the organism m the colomes changed, but they grow poorly on 
media conta inin g either low or high concentrations of penicillm Furthermore, 
the usual bacilli that return from the stage 3B colomes on peniciUm-free media 
do not show mcreased resistance to penicilhn 

The small colonies of stage 3A can be kept growmg only on the soft horse 
serum agar plates They grow equally well with or without pemciUm If 
peniciUm is not present and the cultures are studied withm a few weeks after 
isolation, the usual form of Proteus reappears and overgrows the plates m a few 
days This does not occur m less than 24 hours, before the growth is well 
developed It is possible to keep the cultures growing without reversion mto 
the usual bacilh on peniciUm-free media by daily transfer If bacterial growth 
does not occur or is prevented by penicillin, the colonies contmue to grow for 5 to 
7 days On heavily moculated areas, an opaque, confluent, moist growth is 
produced that is firmly adherent to the medium A few colonies may grow m old 
cultures to large size and take up the properties of stage 3B colomes The 
return to the usual bacillary form m pemcillm-free media is progressively delayed 
or may disappear completely if the stage 3A colomes are kept m cultivation m 
this form for several months A pure culture of well-developed stage 3A colomes 
IS shown m figure 2, no 4 

The growth developmg on penicilhn plates was exammed microscopically m 
unstamed and stamed agar preparations A square of agar was cut out from 
the plates and covered with a cover shp If staimng of the culture was desired, a 
solution of methylene blue and azure was evaporated on the cover shp The 
technique necessary for satisfactory staining has been descnbed previously 
(Dienes, 1945) With this techmque the whole growth developmg on the plate, 
undisturbed m its ongmal location, could be studied microscopically 

The bacilh transferred to plates contammg sufficient amounts of pemcilhn 
(100 units or more) swell withm 2 to 3 hours mto large roimd bodies This 
process is responsible for the appearance of a moist layer on the plates The 
large bodies at first have regular contours and are deeply stamed by methylene 
blue If the broth cultures used for moculation of the plates are young, all 
bacilh undergo swelhng and no unchanged bacilh remam visible on the surface of 
the agar Many bacilli are dead m old cultures, and their appearance is not 
affected by pemcilhn Durmg the followmg hours the large bodies contmue to 
mcrease m size, their contours become irregular, and many dismtegrate withm 
24 hours A certam proportion of the large bodies, varymg m different experi- 
ments, develop mto tmy colomes by the growth of small roimd or bacillary gran- 
ules They are m groups and penetrate mto the medium m various directions 
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from the large body (The large bodies and the earhest stage of the L ti-pe 
colomes are dlustrated m figure 3, nos 2 and 3 ) During the follow mg daj s thL 
tiny colomes develop into the macroscopical colomes described previously 
The characteristics of the stage 3A colomes will be discussed in some detail 
first The appearance of the colomes m consecutive stages of development as 
seen with the low power of the microscope m unstamed preparations is presented 
in the photographs The highly refractde and granular appearance relates to 
the fact that the colomes are situated partly beneath the surface of the agar 
and do not present a smooth surface to the agar The colomes of the organs 
of bovme pleuropneumoma m the photographs pubhshed by Ledingham (1933) 
have a similar appearance The well-developed colomes consist of a dense 
spherical mass embedded m the agar This is sometimes surrounded on the 
surface of the agar by a hght penphery consisting of large round bodies The 
periphery of the colomes may be wide (no 7), narrow (no 10), or absent In 
the last case the center of the colony is well developed and is covered with large 
round bodies, which, however, spread only for a short distance or not at all on 
the agar The dense center of the colomes consists of very small elements 
No 4 of figure 3 was made from an impression preparation and show a these 
forms varymgly swollen The smallest elements appear as round corpusclea in 
the photograph Often two or more small forms are m pairs or m short chains 
Their size may range from 0 3 to 0 5 ^ At the edge of young colonies the small 
forms appear distmctly bacillary (figure 3, nos 5, 6, and 7) 

In preparations made with similar technique, the appearance of these small 
forms is entirely similar m Proteus, m the pleuropneumoma group, and m all the 
different bacterial species from which L type colonies were isolated Their 
physical and stammg properties are also similar m all cases They are very soft 
and fragile If a small piece of agar with the colomes is separated into fragments 
on a shde and then stamed, the colomes are apparent m the agar, but the mcli- 
vidual orgamsms are disfigured and usually cannot be recognized Tlie mdi- 
vidual bacilb are clearly apparent when similar preparations are made from ordi- 
nary bactenal colomes The morphology of stage 3A colomes is not influenced 


by the presence or absence of penicillm 
The growth properties of the stage 3A colonies are also similar to those of Li 
The colomes grow slowly and mcrease m size for many days The colonies have 
the tendency to autolyze They will reproduce the parent organism under 


appropnate conditions for a long penod following isolation 

The large stage 3B colonies begm to develop like the stage 3A colonies Their 
morphology and physical properties are also essentially similar They are dis- 
tmguished from the stage 3A colomes by their more vigorous growth, greater 
tendency to swell into large forms, more mtense staining with methylene blue, 
and less pronounced autolysis Large bodies begm to develop even in sma 
colomes, not only on the surface but m the center embedded m the agar o 
colomes show no sign of autolysis for several days The center of the coloniw 
contams small forms m dense groups, of the same type as those m stage 
These groups are surrounded by round forms that graduaUy mcrea=e in size 



1949] 


PROTEUS CULTURES AND PENICILLIN 


533 


These evidently originate by swelling of the small forms A few small forms are 
always visible among the large ones Double forms consistmg of a large round 
body and a small granule are often seen They do not represent buddmg but are 
the result of the uneven swelhng of a pair It is apparent at the extendmg edge 
of young colomes that the small forms multiply and penetrate the agar The 
dense groups of small forms present m older colomes are apparently produced 
by dismtegration of the large round forms and not by direct multiphcation of the 
small forms Among the small forms there are large round bodies filled with 
granules of similar shape and arrangement This reproductive process is charac- 
teristic of the pleuropneumonia group (Kheneberger and Smiles, 1942) It 
explams the tendency of the small forms m the stage 3B colomes to swell and it 
is probably the mam difference between the stage 3B and 3A colomes In the 
latter, only the reproduction of the small forms is apparent The large foims 
that develop on the surface of the colonies reproduce the small forms only if they 
are transferred to fresh media 

Efforts to make representative photographs of the small forms of stage 3B 
colonies and of the breakmg up of the large bodies mto the small forms were only 
partially successful The organisms are too fragile to permit the use of smears 
The small size of the organisms, theu arrangement m pans and short chams, and 
their gradual swelhng are apparent m the photographs For comparison, the 
small organisms from a pleuropneumomahke organism isolated from a human 
pharynx are shown m figure 3, no 16 

When the stage 3B colonies are transplanted, growth starts exclusively from 
the large bodies Theu development can be followed without difficulty m slide 
cultures Multiplication of the small forms is never visible m the transplants 
This circumstance probably explains why it is difficult or impossible to propagate 
the stage 3B colonies m that form 

Colomes with properties similar to those of stage 3B were observed m addition 
to Proteus m H influenzae This type of colony usually develops alone on 
penic illin plates moculated with H influenzae This occurs also m Proteus if the 
medium is not appropriate to support the growth of stage 3A colomes Colomes 
similar m appearance to stage 3B were observed also m some Salmonella strams 
The properties of these colomes have not been thoroughly studied 

In figure 1 the development of Proteus on pemcilhn plates is diagrammatically 
illustrated Three consecutive stages are distmgmshed to facihtate the com- 
parison of the behavior of different species and of the same species m different 
conditions The first stage is the swelhng of the bacilh mto large bodies, the 
second the gemmation of these mto tmy microscopical L type colonies From 
this pomt on, development goes mto a 3A stage, the growth of the small colomes, 
and mto a 3B stage, the growth of the large type of macroscopical colomes 
These consecutive stages follow one another m the cultures when L type colomes 
develop and are evidently parts of the same process The development of the 
cultures may stop m any of these stages For mstance, m Streptobacillus 
moniliformis and Bacteroides, stages 1, 2, and 3 develop both m the absence and 
presence of pemcilhn In several strams of H influenzae and the colon bacillus. 



534 


L DIENES 


[\0L 57 


Stages 1 aad 2 can be observed, but further development of the tmj L t\ue 
colomes of stage 2 could not be induced The germmation of the large bodv 
produces a characteristic morphological structure that is sufficient to indicite 
transformation mto the L form even if the latter does not develop to a further 
stage Large bodies are produced from the bacteria under various conditions 
and It IS questionable whether they always mdicate transformation mto L forms’ 
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Figure 1 The development of Proteus on soft horse serum agar plates containing 100 to 
10,000 units of penicillin per ml 

The description of the behavior of Proteus on penicillin plates is based on 
e'rtensive experimentation Between May, 1947, and June, 1948, forty expert* 
ments were made with 10 Proteus strains, usmg media of various composition 
and contammg varymg amounts of penicillin It seemed worth tthile to concen- 
trate on Proteus because the L colonies were easily obtamed m this species and 
they reverted easily to the usual bacillary forms The properties of the stage 3t> 
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colonies appeared especially interesting A few experiments will be descnbed m 
some detail to illustrate the procedures and the actual observations 

Six Proteus strams (3, 26, 27, 31, 52, and 80), recently isolated m this labora- 
tory, were moculated on February 3, 1948, on soft agar plates containmg 20 per 
cent horse serum and 100, 400, 1,600, and 5,000 umts of pemciUm per ml Ordi- 
nary bacterial growth was inhibited m all plates On the foUowmg day numerous 
Rmnll stage 3A colonies were visible m stamed agar preparations m the cultures 
of every stram They were smallest and least numerous m plates with 100 umts 
per ml In the cultures of strams 31 and 52, the earliest growth of stage 3B 
colonies became visible after 24 hours The colomes mcreased considerably m 
size for several days and grew to the largest size m stram 52 with 5,000 units of 
pemcilhn Stage 3B colomes of this stram developed abundantly on aU plates 
Fewer and smaller stage 3B colomes appeared m the other strams The well- 
developed stage 3A and 3B colomes were similar to those illustrated m figure 2, 
no 1 

Stage 3A colomes were isolated on February 13, 1948, from strams 3 and 26 
and cultivated on pemcilhn plates until February 24 They were transferred 
five times durmg this period From February 24 until March 8 they were passed 
SIX times on pemcilhn-free plates The presence or absence of pemcilhn exerted 
no influence on their growth The cultures remamed free of Proteus m the flrst 
24 hours, but, if they were kept for a few days, they were overgrown by Proteus 
The same cultures were transferred agam after 3 more months’ cultivation on 
pemcilhn plates to pemcilhn-free agar and broth The usual Proteus reappeared 
m these cultures after considerable delay, varymg from 4 to 8 weeks The 
tendency of stage 3A colomes to return to the usual bacillary forms decreases 
with prolonged cultivation just as the Li ceases to revert to the Streptohacillus 
type 

Between September and December, 1948, stage 3B colomes of stram 52 were 
passed m such form 16 times on soft horse serum agar plates contammg 1,600 
units of pemcilhn per ml Smgle or small groups of well-developed stage 3B 
colonies were picked and transferred with the loop Stage 3A colomes de- 
veloped abundantly where the moculation was heavy On the areas hghtly m- 
oculated a few stage 3B colomes developed, never more than a few dozen 
The colonies of the fifteenth passage, transferred to a routme blood agar plate, 
reproduced the usual bacilh withm a few hours The stram specificity of the 
recovered bacilli was imchanged and the resistance to penic illin was not m- 
creased 

The growth produced by stage 3B colomes transferred to pemcilhn-containmg 
and pemcilhn-free media is illustrated m figure 2, nos 14 and 15, after 24 and 4 
hours’ incubation, respectively Many bacillary colomes developed withm 4 
hours when pemcilhn was not present Only small stage 3A colomes developed 
m the presence of pemcilhn (no 15) Several exposures were made at hourly 
mtervals from the area illustrated m figure 2, no 14 It is apparent m the 
photographs that the bacillary colonies developed exclusively from the large 
bodies 
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The Conditions of Growth and Certain Properties of the L Type Colonies of ProUus 

The development of stage 3A colonies and to a lesser degree of sti-^e 3B 
colomes depends on the composition of the media Cultures could be obtaineil 
and mamtamed m growth only on agar media and the consistency of the medmni 
was of great unportance Only a few tmy stage 3A colonies develop witli the 
usual content of agar (1| to 2 per cent) The colonies autolyze and dijappcar 
m a short tune It has not been possible to keep these colonies growiiw on 
routme blood agar plates Good growth is obtamed by dilutmg the routine 
blood agar plates with equal amounts of broth The colonies did not grow on 
coagulated blood serum 

The second unportant feature necessary for growth is the presence of animal 
serum Many tmy colomes begm to grow m soft agar without serum, but their 
growth IS hunted and they soon die Good growth is possible with 5 to 50 per 
cent horse serum, the optimum bemg around 10 per cent It has already been 
mentioned that serum obtamed by defibnnation gave markedly better results 
than serum obtamed by coagulation of the blood Addition of red cells, whole 
or laked, did not significantly influence growth Citrated human plasma, 
ascitic flmd, and rabbit serum gave good results m some ex-periments but were 
less uniformly satisfactory 

Stage 3A colonies did not develop on washed agar containmg horse serum or 
on nutnent agar mixed with urme If a piece of agar with young stage 3A 
colomes is transferred mto horse serum broth, the colonies grow to large size on 
the agar, but growth so far has not been obtamed m broth without agar 

Aerobic conditions favor growth more than anaerobic Stage 3A colonies 
are often absent or rare on pemcilhn plates moculated with Proteus and mcubated 
anaerobically In some cases the tmy stage 3A colomes developed a wide 


Figure 2 Nos 1 to 4 represent the growth of Proleus on penioillm plates X 2 

1 The large and tiny colonies on a soft horse serum plate containmg 6,000 units of 
penicillin per ml after 5 days’ incubation 

2 Growth from the tiny colonies illustrated m no 1 after several passages The agar 

block used for transfer is visible . 

3 and 4 Penicillin plates on which only the small (stage 3A) and the large (stage 315; 

colomes developed ^ 

5 and 6 Unstained cultures of stage 3A colomes No 5, one-day old culture, no o, 
five-day-old culture The uregular outline of the young colonies and the high refraetility 
are characteristic and are in contrast to the bacillary colonies illustrated in no 14 X lUU 

7 Culture of a stage 3A colony having a typical deeply stained center and a wide pen 


pheral zone X 100 , ■ 

8 Colony m no 7 with higher magnification Its surface consists of large r^nd ana 
irregular bodies some of which are vacuolated Stained agar preparation X JOO 

9 Impression preparation from the same culture as that in no 8 showing the peripne y 

of a colony X 2,000 i, i „ v 

10 Stamed culture of a stage 3A colony with a narrow peripheral zone X mu 

11 The periphery of a colony from the same prep^ation as that in no 10 X 

12 A stage 3B colony after 2 days’ incubation The relatively large sue of ‘he colony 
and the wide periphery consistmg of large bodies are appare^ Unstained X iw 

13 A similar colony from a stamed agar preparation X 900 „ mnculatcd 

14 Small bacillary colomes after 4 hours' incubation on penicillin free agar i 

from stage 3B colomes Unstained X 100 otnfm 1R colonits The 

15 SiLll L type colonies on pemcilhn inoculated from stage 3B col 

colomes are much smaller than in no 5, which represents a strain well adapicu 


medium X 100 
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periphery on the surface of agar in anaerobic plates, and their appearance re- 
sembled closely that of the usual pleuropneumomalike colomes Figure 2, 
no 7, shows such a culture with low magnification 
The circumstances that determme the growth of stage 3B colonies are less well 
recognized The conditions necessary for growth of stage 3A colomes exert no 
consistent influence Sometimes they develop on hard agar plates without 
serum and sometimes, as m one of the experiments described, they are absent or 
rare on more appropriate plates Apparently, great influence is exerted by the 
condition of the cultures used for moculation of the plates It is surprismg that 
these colomes develop m large numbers and grow to considerable size on a plate, 
but when they are transferred to another area of the same plate and the medium 
is not appropriate for the growth of stage 3A colonies, usually no visible growth 
IS produced Both the stage 3A and 3B colonies develop to full size only if they 
mvade the agar and a large part of the growth is beneath the surface of the 
medium This property is common to the Li and the whole pleuropneumoma- 
like group It is probably a consequence of this property that growth is usually 


Figure 3 The morphology of the organisms m stage 3A and stage 3B colomes illustrated 
with high magmfication 

1 Bacilli on a pemcillin agar plate immediately after moculation Unstamed X 2,000 

2 Same plate as in no 1 after 8 hours' incubation All bacilli swelled to large forms 
and a tiny L type colony begins to grow Stamed agar preparation X 2,000 

3 Another field from the negative of no 2 illustratmg two tiny L type colonies These 
are embedded tridimensionally m the agar and only a small portion of the colomes is in 
sharp focus A few very small bacillary forms are visible Stamed agar preparation 
X 2,000 

4 Impression preparation from well-developed stage 3A colonies after agar fixation 
The surface layer of the colomes was washed off m order to obtam a preparation from 
the deeper layer Stamed with thionm X 3,000 

5 iVesh secondary growth at the edge of a large autolyzed stage 3A colony The growth 
13 under the surface of the agar and the individual orgamsms and their arrangement m 
the spreadi^ cultures are fairly visible Dry stamed agar preparation X 2,000 

6 and 7 The spreading edge of young stage 3A colomes Dry stamed agar X 3,000 

8 A very small stage 3A colony and the edge of a larger one Dry stamed agar 
X 3,000 

9 Two small stage 3A colonies Very small and large swollen forms are present Dry 
stained agar X 900 

10, 11, 12, and 13 These photographs were made from stage 3B colomes with the same 
technique as that used m no 4 The surface of the colomes was scraped off to obtain an 
impression from the center of the colonies The agar blocks were fiuxed on the cover slip 
and the preparations stamed with thiomn The small forms are often in pairs or short 
chains Gradual transition from the smallest to the largest forms is apparent m nos 10 
and 12 Double forms consistmg of orgamsms of different size are often seen The small- 
est elements visible m the photograph are about 0 3 microns X 3,000 

14. Dark background preparation made with mgrosm from stage 3B colomes The 
surface of the colomes was scraped off and a block of agar contaimng the colomes was placed 
on a cover slip A small drop of mgrosm solution was placed beside the block, which 
covered the impression left by the colomes when the agar block was lifted The purpose 
of these preparations was to ascertain whether the stamed structures represented the whole 
orgamsm X 3,000 

15 A young stage 3B colony m a stamed agar preparation It is apparent that the 
colony extends by a growth similar to that of stage 3A colomes, although the individual 
elements have a great tendency to swell mto large forms X 3,000 

16 Impression preparation obtained from a pleuropneumomalike organism isolated from 
human sputum Although the individual orgamsms are more clearly visible in this photo- 
graph, them size and arrangement are similar to those of the small forms in stage 3B col- 
omes Nile blue X 3,000. 
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excellent on pieces of agar submerged in broth, but, witli most strains, growth u 
slight m liquid media It is remarkable that although the grow th requirements 
of stage 3B colonies are simple, these colomes w ere observed only on agar nietli i 
No similar growth develops on coagulated serum or m broth The growtii into 
agar is apparently not an accidental property of pleuropneumonialike°organisms, 
but IS the consequence of some essential requirement for their grow th ' 

The growth of the colonies of stage 3A is markedly favored by crowding 
The colonies grew to the largest size m a crowded area, and their size decrcisid 
near the edge of the moculated area Smgle colonies far from the others usually 
stop growong and autolyze The effect of crowdmg on the growth of the colonies 
IS apparent m figure 2, no 2 A similar effect of crowdmg is present in the L 
colonies isolated from a Flavobaclenum and gives a peculiar appearance to the 
cultures of L forms m these two species No similar effects of crowding were 
observed m L cultures isolated from other bacteria and m the pleuropneumoni i 
group 

The Proteus bacilh swell to large forms m broth to which penicillin has been 
added as they do m agar The large bodies persist m such forms in the broth, 
but they do not multiply and a growth comparable to stage 3A and 3B colonies 
does not occur The large bodies remam visible for a long time and, transferred 
to agar, grow either mto L type colonies or return to the usual bacillary forms 
Broth cultures kept for 4 days with 1,600 units of penicillm per ml, transferred 
to agar, reproduced withm a few hours the Proteus bacilli 
Seven Proteus strams isolated m this laboratory and exammed sliortly after 
isolation all produced stage 3A and 3B colonies under appropriate conditions 
There were consistent differences between the strams Some produced one, 
some the other, type of colonies more abundantly In many experiments strums 
3 and 26 produced few or none of the stage 3B colonies, but these were uaimlly 
abundant with strams 14 and 52 No stage 3A or 3B colonies could be isol itcd 
from the Proteus strams Xj and Xw, which had been kept m artificial cultiv ution 
for many years Tmy 3A colonies started to develop abundantly, but they could 
not be grown on subculture Stage 3B colomes developed m some experiments 
with Xk, and the stage 3A colomes of this stram could be adapted to continuous 
growth Long artificial cultivation also affects the viability of L type colonies 
m typhoid and Salmonella strams L type colonies could be isolated and kept 
m cultivation only from freshly isolated strams 

The serological properties and the metabolic activity of the L strains isolated 
from Proteus have been studied to a certam extent Agglutmatmg sera were 
prepared m rabbits with the bacilli and the L strams were isolated from them 
Sera obtamed with either culture agglutmated both m high titer m tlie same way 
as the sera obtamed with Li and Streplobacillus monthformts agglutmute botti 
organisms Thus, the antigen specificity of the L form and of the parent organ- 
ism IS very similar Serological tests with the L form present certain tethnaai 

difficulties, and the procedures used require a detailed description Ihuan ic 

protocols of the serological tests will be presented m a subsequent paper 
The most characteristic metabolic activity of Proteus is urea ermen a 
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This could be demonstrated also m the L cultures These cultures grew well 
on agar diluted with an equal amount of urme to which 10 per cent horse serum 
had been added They produced a strong ammoniacal odor and volatile alkali 
on such media The L cultures did not show another characteristic of Proteus 
cultures, the digestion and liquefaction of protems This was tested by growmg 
the cultures on serum agar plates m which the serum was partly coagulated by 
heat No clearmg of the turbidity occurred around the colonies 

Development of L Type Colonies in the Absence of Penicillin and the Nature of 

the Influence of Penicillin 

It has been mentioned that the spreadmg filaments of Proteus are transformed 
mto large bodies if they are exposed to slight mjuries of various types, and occa- 
sionally these grow mto tmy L colonies (Dienes, 1946) Some of the mjuries 
that produce this effect are physical, such as refrigeration, others are disturbances 
m the environment, such as transfer mto tap water or ascitic flmd The most 
pronounced effect was produced by the antagomsm between spreaders belongmg 
to different strams The spreadmg filaments of one stram do not penetrate a 
territory covered by filaments of another stram They are transformed m the 
contact zone, if the strams are appropriate, mto large round bodies that break 
up later either mto small bacilh or develop mto tmy L colomes The phenom- 
ena observed m the contact zone of different strams are similar m many re- 
spects both to the spontaneous autolysis that m many species precedes the 
growth of L type colonies and to the phenomena produced by pemcilhn They 
are probably produced m all these cases by the presence of antagomstic sub- 
stances mterfermg with normal growth 

It IS of mterest that only the spreadmg filaments are susceptible to the mfluence 
]ust mentioned The small bacilh present m broth culture or on agar before and 
after the spreadmg of the culture are not affected by them The condition of the 
culture IS of primary importance for the transformation mto L forms 

It IS necessary to mdicate briefly the evidence for regardmg the tmy microscopi- 
cal L type colomes developmg from the spreadmg filaments as essentially similar 
to the L colonies isolated with the help of penicillm The morphology of these 
colonies is similar if they are compared m the correspondmg stage of develop- 
ment Large bodies are produced from the filaments m the contact zone of two 
strams and m the presence of pemcilhn by “plasmoptysis ” If the large bodies 
are cultivated m the absence of pemcilhn, they develop m both cases either mto 
bacillary or L type colonies It is unlikely that such complex processes of trans- 
formation observed m the same species and similar m every detail represent 
unrelated phenomena Thus far, it has not been possible to isolate the tmy 
colonies from the bacilli m the absence of peniciUm, but, as far as their develop- 
ment could be followed, it was similar to that of the colonies mduced by penicillm 

Changes occurrmg m various bacterial cultures m which L colomes develop 
spontaneously suggest also that this process is a response to influences mterfermg 
with usual groivth (Dienes, 1942, Dienes and Smith, 1944) L colonies develop 
m most cases after multiplication stops and the cultures autolyze This may 
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occur m young cultures after a few hours’ grouih Examples of such earh 
autolyas were observed m Sirepfobacillus monihfonms, Flavobactmum and 
Bacieroides The morphological changes m the bacteria precedmg the grow th ot 
L type colonies are similar whether these colonies develop following auloKas or 
foUowmg exposure to pemciUm 

Bacieroides stram 132, which was used for various studies, offered an oppor- 
tunity to compare the effects of autolysis and penicillm (Dienes, 19-iSc) It wn. 
available both m cultures that autolyzed spontaneously and those that lost this 
property In the latter, penicillin produced morphological changes similar to 
those that developed spontaneously m the autolytic cultures Various obser- 
vations suggest that autolysis of the cultures is the consequence of the diffusion 
of antagonistic substances through the media The morphological changes that 
mdicate autolysis appear almost simultaneously m all bacdh m broth and on agar 
m large areas of the plates It is especially significant that the bacteria in the 
process of change return to the normal shape and resume normal multiplication 
immediately if they are transferred to fresh media 

Accordmg to these considerations, the growth of L type colonies is induced by 
similar influences either when they develop spontaneously or under the influence 
of pemciUin The only difference is that m spontaneous autolysis the substances 
mterfenng with normal growth are produced by the bacteria themsehes This 
supposition agrees with the fact that pemcillm mduces growth of L type colonies 
m many species, whereas they develop spontaneously only m those m iihich 
autolysis is observed For instance, spontaneous development of L colonies was 
never observed m freshly isolated typhoid bacilh and Salmonella, in which 
autolysis is rare, although such colomes are regularly produced in penicillin 
plates Autolytic strams are frequent m Bacieroides, and these often produce L 
type colomes spontaneously 

Accordmg to these considerations, the influence of penicillin in inducing 
transformation of bacteria mto L type colomes probably is not specific The 
bacteria may react m a similar manner to various influences, interfering with 
normal growth It is obscure at present why some mterferences produce and 
some others do not produce this effect 

FoUowmg the discovery of this effect of pemciUm, mfluences of v'arious tjpcs 
were studi^ to deternune whether they mduce growth of L colonies Man) 
gram-positive and gram-negative bacteria were exposed to heat and cold, van 
ation of pH, and bacteriostatic substances of different types Media of varied 
composition were used m the experiments The results of the experiments wta 
for the most part negative with the exception of one chemical that had an effect 
fnemlar to that of pemcillm, though of lesser degree 

The first group of substances studied were the antibiotics strcptoinjemi 
citrmm, aspergilhc acid, and tyrothricm They inhibited bacterial grow th but 
produced no morphological changes and no L colonies Under the conditions in 
which they were tested, they also inhibited the growth of Lz and of the plturii- 
pneumonialike organisms isolated from patients The second group oi ;U i- 
stances mcluded sulfa drugs, phenol, formaldehyde, and mustard gas >- 
results with these w ere also negativ e Lithium, cadmium, and racrcurv 
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appropriate concentrations produced large bodies from vanous bacteria, but 
these did not develop mto L colonies either on the original media or on transfer 
to media without the salts 

The chemical that mduced the growth of L colonies was carboxyhnethoxyl- 
amme The bacteriostatic effects of this drug were studied by Favour (1948), 
and a sample of the drug was received from bun The growth of Proteus was 
partially ii^ibited by 0 05 and 0 10 per cent and completely by 0 20 per cent of 
this drug The bacilli swell mto large bodies on soft horse serum plates contam- 
mg the lower doses, and many of them developed durmg the foUowmg hours mto 
tmy L colonies These mcreased considerably m size overnight, but their 
isolation was not possible because the plates were overgrown by the spreadmg 
Proteus Larger doses of the drug inhibited aU growth and the bacilh remamed 
unchanged m form on the surface of the plates The margm between the doses 
mhibitmg bacillary groivth and those producmg L t 3 ^e colonies is very narrow 
with this drug 

Carboxylmethoxylamme exerts a similar influence on the cultures of H 
tnfiuenzae and S momhformts The zone m which bacterial growth is mhibited 
and L type of colomes are produced is also narrower m these species withlihis 
drug than with pemcillm 

The success m producmg L t 3 ^e colonies with one chemical seems to be more 
significant that the failures to which reference was made It lends further 
support to the conclusion that the effect of pemcillm is not specific 

DISCUSSION 

The observations with Proteus suggest certam considerations concernmg the 
nature of L type colomes The first is the similarity of the processes observed 
m different bacterial species regardless of whether the L colonies develop spon- 
taneously or whether they are produced by pemcillm The morphology of 
these colonies and the successive steps through which the usual bacillary forms 
are transformed mto the L forms are also similar This process develops m 
conditions disturbmg or mhibitmg the normal growth of bacteria This may 
occur spontaneously as a result of autolytic processes, or it can be mduced by 
chemicals such as pemcillm and->.carboxylmethoxylaimne, and m some cases by 
physical influences such as exposure to cold The whole process, the transforma- 
tion of the bacterial cell and growth m a new form, is apparently a specialized 
reaction of the bacteria that can be elicited under various conditions m many 
species 

Considermg the observations made with Proteus, there remams httle doubt 
that the bacillus and L organisms are growth forms of the same organism In 
the stage 3B colonies not only is their derivation from the bacteria apparent, but 
the return of bacterial forms from the large bodies formed m these colomes also 
can be observed directly m shde preparations The stage 3A colomes do not 
return so easily mto the usual bacilli This process occurs if the cultures are 
allowed to age on pemcillm-free media Repeated subcultures on plates contam- 
mg high concentrations of pemcillm and the fact that the bacilli recovered from L 
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colonies are not resistant to pemciilin ehimnate the possibility that the L ciiiiur^ 
ca^ accidentally included bacilli Although the L forms are morphologir ilh 
different from the bacilli and also their growth requirements are different they are 
similar to the bacilli m serological properties, and they also possess one of the db- 
tmctive metabohc characteristics of Proieus, urea fermentation The usual ba- 
cdh were regamed from the L cultures so far in three genera Proteus, Strepto- 
hacillus momhforrms, and Bacteroides The conditions under iihich the^o 
observations were made exclude the persistence of bacilh in the L cultures as'a 
contammation It is mcreasmgly difficult to mamtam Kheneberger-Nobel’ssup- 
position (1948) that the L forms are symbionts or parasites in the bacterial cul- 
tures 


The significance of the L form m the life of bacteria is not known These forob 
are more resistant to certain mjunes than the bacteria The three groups that 
were most thoroughly studied, StreptaiaciUus momliforrms, Bacteroides, and Pro- 
teus, survive and multiply m pemciUm plates m the L form and, when penicillin 
is elimmated, may return to the usual bacillary form The cultures behave m a 
similar way m spontaneous autolysis This resistance may be an. essential prop 
erty of the L forms or it may accidentally accompany their unknown real func- 
tions 

It was mentioned m a previous paper that transformation into L forms often is 
preceded by the bacteria taking on the characteristics of rough growth (Dienes, 
1942) This 13 apparent also with pemcillin Concentrations of penicillm that 
just permit groivth mduce the bacteria to grow m long filaments and rough colo- 
mes Somewhat higher concentrations induce transformation into large round 
bodies Such observations suggest that the growth in L colonies may bo the end 
stage in the smooth to rough transformation No changes occur m the genetic 
characteristics of the strams when they are recovered from the large bodies citber 
directly or foUowmg passage through the L forms 


The properties of stage 3A and 3B colomes give some suggestions concerning 
their relationship Stage 3B may represent the fully developed variant Stage 
3A may be an imperfect development of the former The growth requirements 
of stage 3B are less exactmg than those of stage 3A and are nearer to those of the 
usual bacilb The stage 3B colomes grow vigorously and return easily to the 
usual bacilh The orgamsms seem to persist and grow m this form under certain 
types of adverse conditions that inhibit growth m the usual bacillary form The 
debcate grondh requirement of stage 3A colomes and their mcreasmg difficulty 
m regaining the usual bacillary form would make them less useful as resbtanco 
forms They may represent the variant m an unsuccessful form that is hcpt 
alive only by the artificial conditions created m the cultures It is of great in- 
terest that m the stage 3B colomes the reproduction of the small forms inside tiie 
swollen forma is well established The essence of the transformation into L Joriib 
may be the substitution of one type of reproductive process for another i^ 
interpretation of the nature of L type colomes and of the differences betucen le 
stage 3A and 3B is entirely hypothetical, and it is offered 
the suggestion made previously that the L colonies may be similar to tlie nap 
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fonn yeast” of Winge It is equally possible that the stage 3A colonies represent 
the end of the transformation and that the stage 3B is an intermediary stage 
nearer to the usual bacillary forms The frequent occurrence of cultures with 
properties similar to those of stage 3A on the mucous membranes of men and 
animals suggests adaptation of these cultures to special conditions The fact 
that the L type colomes are produced under conditions mhibitmg the usual bac- 
terial growth rather adds than detracts from the mterest attached to them, even 
if we have no clear idea of their nature 

SUMMAEY 

Tmy pleuropneumoniahke colomes that were previously described m Proteus 
were grown with the help of peniciUin to larger size and could be mamtamed m- 
defimtely m subculture The appropriate composition of the medium is of great 
importance for the growth of these colomes 

Multiphcation of most freshly isolated Proteus strams is inhibited m the usual 
bacillary forms by the addition of 10 to 50 umts of pemciUm per ml of the me- 
dium However, on soft horse serum agar plates m the course of a few days 
colonies develop m media containmg up to 10,000 umts of pemcilhn per ml 
They grow m two distmct t 3 q)es One tjqie remams small on the ongmal plate 
(0 05 to 0 2 mm) and grows easily m transplants whether or not penicillin is pres- 
ent If pemcilhn is absent, the usual bacillary form of Proteus reappears withm 
one or a few days or up to several weeks, according to the time that has elapsed 
smce the isolation of the culture The colomes of the second type are larger (I to 
3 mm) Transferred to pemcillm-free media, they reproduce the usual bacillary 
forms withm a few hours On media contammg pemcillm, they produce an abun- 
dant growth of the small colonies with an occasional large colony Both the 
small and the large type of colomes are similar m morphology and physical prop- 
erties to the Li developmg m Streptobacillus monihforrms The bacilli recovered 
from these colonies have no mcreased resistance to pemcillm and are not changed 
m their genetic properties The large colomes are evidently a growth form of 
Proteus because they are derived from the bacilli and return easily to this form 
That the small colonies are also a groivth form of the bacillus is evidenced by their 
reversion to the usual bacillary form and by their similarity to the bacdli m sero- 
logical properties and metabohsm 

Proteus, like Streptobacillus moniliformis and Bacteroides, survives and multi- 
plies m the L form under appropriate conditions on agar plates contammg high 
concentrations of pemcillm When L colomes develop spontaneously, their role 
apparently is similar The cultures undergo autolysis, the baciUary forms are 
destroyed, and growth contmues m the L form Transformation mto this form 
IS apparently a response to certam types of adverse conditions and is not a spe- 
cific effect of pemcillm 

The effects of vanous t 3 q)es of bacteriostatic chemicals were studied One of 
them, carboxymethoxylamme, had an effect similar to that of peniciUm and m- 
duced growth of L colomes The effect was quantitatively much less than that 
of pemcillm 
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Dubos (1929) stated that “the difference between bactenostatic andbactencidal 
effect IS often of a quantitative rather than of a quabtative nature ” Porter (19-46) 
also claims “It has been well estabhshed that there is no sharp differentiation 
between mere inhibition and germicidal action” and that the separation of the two 
effects IS made only for convemence This customary conception has been dis- 
proved by Hoffmann and Rahn (1944), who showed that with crystal violet, at 
least, the dye is more bactencidal to young cells than old ones, whereas the bac- 
teriostatic effect IS much more pronounced with old cells, also, this bactencidal 
efficiency is practically mdependent of pH, whereas bactenostasis is greatly influ- 
enced by it, further, the death rate is mdependent of the number of cells present, 
whereas bactenostasis takes place only with small mocula, not with large ones 
In 1945 Rahn extended this view by contrastmg the reversible, instantaneous 
bactenostasis with the irreversible time reaction of disinfection 

The present mvestigation proves that temperature affects bactenostasis m a way 
contrary to that known for disinfection This knowledge is not new, but it seems 
to have been largely forgotten or overlooked Behrmg found m 1890 that the 
effect of temperature upon bactenostasis was the exact opposite of that upon dis- 
infection With HgClo, 2 5 ppm were sufficient to prevent growth of Bacillus 
anthracis at room temperature, but at 36 C, 10 ppm were needed Brooks (1906) 
reported similar experiences with mold spores Chick, m her classical disinfection 
studies (1908), observed that, contrary to all other observations by herself and 
by others, with very dilute phenol solutions the disinfection constant, i e , the 
bactencidal effect, was greater at 20 than at 30 C A bnef note by Cameron 
(1930) states that, at 37 C, thermophiles were suppressed by 1 ppm gentian violet, 
but at 55 C requued 2 ppm Other occasional observations are too mcom- 
plete to permit a clear mterpretation It was obvious, then, that the well-known 
increase m the efficiency of disinfectants obtamed by an mcrease m temperature 
could not be generally apphed to bactenostasis The foUowmg data show a 
systematic study of the tolerance of vanous bactena to vanous antiseptics 
throughout the temperature range of growth 

METHOD 

Concentrated nutnent broth was diluted with water and antiseptic solution to 
yield a succession of tubes containing the same amount of food but different doses 
of the bactenostatic agent Each tube was moculated with one loop of a 24-hour 
culture of the test organism, and the tubes were placed m different mcubators 
All tubes were observed frequently for 1 month and the time of beginning turbidity 

1 Aided by the Necrochemistry Grant of the tVm S Merrell Co , Cincinnati, Ohio 
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was recorded 
and no growth 


Turbidity was the only criterion used to decide between growth 


RESULTS 

The gen^I type of results can be seen most clearly from graphs as shown in 
ngure 1 The numbers m the squares indicate the time when turbidity was first 



Figure 1 Retardation and inhibition of bacterial multiplication by gentian \iolot at 
various incubation temperatures The numbers in the squares indicate the davs at which 
the first visible turbidity was recorded, shaded squares indicate no visible turbiditj m 30 
days 


ESCHERICHIA COU MCROCOCCUS PYCCENES-HJREUS PSEUOOUONAS AERUCIROSA 



Figure 2 Retardation and inhibition of bacterial multiplication by phenol at 
incubation temperatures The numbers in the squares indicate the da;>3 at which the lira 
visible turbidity was recorded, shaded squares indicate no visible turbidity in 30 da> s 


observed, and any number therefore mdicates growth The shaded squares indi- 
cate no turbidity m 30 days Figure 1 thus shows that gentian violet is a much 
better bactenostatic agent at relatively low temperatures Eschenchia coh re- 
quired 6 times as much antiseptic at 37 C as at 15 C For the staphylccoeeus, 
the concentration had to be mcreased sevenfold, and Pseudomonas aho require 
much more antiseptic at the higher temperature This is the exact oppooitc oft c 
temperature effect upon disinfectants When the temperature is raised from 1 o to 
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37 C, the mmimum concentration of any dismfectant (except alkali) sufficient to 
kill decreases to at least one-fourth, usually to a much smaller concentration 



Figure S Concentrations of bacteriostatic agents necessary to produce complete inhibi- 
tion of bacterial multiplication at various temperatures 


The method described above was applied to a number of antiseptics Figure 2, 
with phenol, shows another type of temperature curve, with a maximal tolerance 
at 30 C When the temperature is raised or lowered beyond 30 C, the cells be- 
come more sensitive 
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T^t 13 true also for HgClj, for a quaternary ammonium compound aet\l 
p^dimum chlonde), and also for sulfanilamide and perhaps “duponol,” where is 
th^ontmuous curve was found with sodium azide as well as mth crj:,! il \ lolct 

The contrast between these tw o types is shown m figure 3, in w hich the \ ertic il 
Imes mdicate the range between mhibitmg and growih-permitting concentrition 
The left-side group with phenol shows a hump, but the nght-side group, witli 
crystal violet, has no maximum withm the range that i\as tested Since thb 
range had not reached nor exceeded the optimal temperature that had been nica:> 
ured for each of our test organisms, some additional tests were made \nt h tw o low - 
temperature orgamsms, Erwinia atrosepttca and Erwinia carotoiora These two 
species showed the usual peak m tolerance toward phenol and mercuric chloride 
5 to 10 C below their optnnal temperature A peak was also obser\ed with 
gentian -violet and sodium azide, but with E carolovora, at least, this peak 
occurred at the optnnal temperature or shghtly above it The results with E 
atroseplica were somewhat uncertain 

DISCUSSION 

The foregomg experimental facts seem to de-viate from the fundamental nilc 
that chemical reactions proceed more rapidly with mcreasing temperature 1 hi^ 
rule apphes to the bactencidal action of poisons, and its failure in bactenostasi^ 
needs explanation 

It has already been mentioned that bactenostasis is an instantaneous process 
As such, it is not subject to laws govermng rates of reaction How ever, this does 
not seem qmte sufficient to explam why an mcrease of temperature dccrcoics 
bactenostatic efficiency whereas it increases bactericidal efficiency Gentun 
•violet and sodium azide acted differently from the other antiseptics It is of 
mterest that these two compounds do not prevent growth by a direct chemical 
reaction with the bactenal cell but by changmg the oxidation-reduction pofenti il 
of the medium to such an unfavorable Eh that multiplication becomes irapos:iibIe 
With gentian ■violet it has been shown by Dubos (1945), Ingraham (1933), and 
Hoffmann and Rahn (1944) that the bacteria, if present in sufficient numbers, are 
capable of slowly readjustmg the reduction potential, and, once the potential lus 
been brought back to normal, their growth is no more retarded The rcdo\ po- 
tential 13 not greatly changed by temperature We can therefore expect tlut, 
with mcreasmg temperature, the rate of baetenal metabolism increases, ani 
adjustment will be more rapid Figure 4 shows this to be the case F coli at 20 
C cannot recoxnr from 300 ppm azide, but at 30 C recovery begms after 5 daj md 
at 40 C, though 99 5 per cent of all cells died dunng the fir&t dax', multipln, ition 
began on the second day at a practically normal grow th rate 

How the cells can adjust the redox potential to normal or optimal condition li^ 
not been studied An explanation for sodium azide might be found from the ob 
serxmtion by Roberts and Rahn (1946) that, at the growth-inhibiting contentri 
tion, sodium azide affects neither oxidate nor dehydrogenase, but catalase actix i > 
is reduced to 15 per cent of normal This must result in an accumu a ion u 
peroxides Without the azide, the catalase w ould change the h> drogen ikww e 
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to oxygen molecules Oxygen has not the strongly oxidizing powder of peroxide 
It may be assumed that the peroxide accumulating m the cells because of catalase 
inhibition will mcrease the Eh of the medium to a higher potential, favorable for 
growth 

This assumption would explain the adjustment of the redox potential by ceU 
metabolism As the potential is not greatly influenced by temperature whereas 
metabolic activity of bacteria mcreases, it is to be expected that at higher 
temperature the cells can overcome a larger dose of azide This apphes even 
to the optimal temperature of growth Beyond that, an mcrease in temper- 
ature decreases catalase action Gentian violet may function in an analogous 
manner 

With most bacteriostatic agents, the greatest tolerance is not observed at the 
maximal temperature, but at 7 to 10 C below the optimum for growth With the 
two strains of Erwima the maximal tolerance for phenol and HgCl 2 was found 



Figure 4 Cells of E coli in broth plus 300 ppm sodium azide at different temperatures 

to be 7 to 12 C below the optimum for growth It seems, therefore, that the 
bacteriostatic effect is related to the growth optimum 
This optimum is the balance between two processes, namely, the contmuous 
denaturation of the enzymes or other catalysts that bring forth growth and their 
continuous replacement by the synthetic processes of the cell The optimal 
temperature is the highest temperature at which the replacement can still keep 
up with denaturation Above this point, denaturation is more rapid than syn- 
thesis because of the higher temperature coefficient of denaturation, and the 
cell begins to lose 

At bacteriostatic concentrations, the energy-furmshing enzymes are not re- 
tarded (Roberts and Rahn, 1946) The cell continues to function with an ade- 
quate, normal energy supply, and, if its growth is retarded by an antiseptic, the 
cause IS either a moie rapid denaturation of its protems or a retardation of the 
replacement Both reactions seem possible 
How two opposing reactions may brmg about a peak is shown in table 1 Let 
us assume that the denaturation of protems (endogenous catabohsm) is speeded 
up proportionally to the concentration of the antiseptic, and more rapidly at 
higher temperature (Qio = 2) The rate of denaturation must correspond, not 
absolutely but relatively, to section II of the table Section I gives the norma] 
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growth rates of E coli as determined by special experiments The growth rate 
m the presence of antiseptic at the different temperatures equals the normal 
growth rate mmus the denaturation, assummg that repair of damage and growth 
are essentially the same process This difference is shown m section III of tho 
table, and it reveals a peak of tolerance at 30 C The position of the peak depends, 
of course, upon the arbitrary choice of the rate of denaturation The important 
conclusion is that the explanation given above will actuallj account for i greater 
tolerance at higher temperatures, which reaches a ma\imiim and decreases again 
It was hoped that a clearer insight could be obtamed by making frequent plato 


TABLE 1 

A hypothetical case of haclenostasis by a diluted disinfectant 


(Temperature coefficient of disinfection, (Qio) = 2, concentration exponent, (u) » 1) 



PPif ANTI 
SEPTIC 

TEUFESATUKE 

15 C 


22 c 

30 C 

37 C 

40 C 

I 

Growth rate 


0 00296 

0 006S7 

0 00934 

0 0165 

0 02 tl 

0 0302 


constant 


30 

69 

93 

165 

241 

302 

II 

Rate of pro- 

200 

65 

93 

107 

186 

301 

372 


tern dena- 

mm 

58 

82 

94 

mm 

26t 

32(( 


turation 


49 

70 

80 

mm 

226 

270 




41 

58 

66 

116 

183 

232 



100 

33 

46 

53 

93 

150 

ISu 



75 

25 

35 

40 

70 

113 

140 



50 

16 

23 

26 

46 

75 

93 

in 

Rate of ac- 

200 

0 

0 

0 

0 

0 

n 


tual growth 

175 

0 

0 

0 

2 

0 

0 


(I-II) 

150 

0 

0 

13 

25 

15 

23 



125 

0 

11 

27 

49 

63 

70 



100 

0 

23 

40 

72 

91 

110 



75 

5 

34 

63 

95 

123 

162 



50 

14 

46 

67 

119 

166 

209 


counts of bacteria that grew slowly in the presence of various subbacteriostata 
concentrations of phenol Figure 4 shows the results with one concentration of an 
a 2 ade experiment Table 2 gives a few charactenstic counts of a phenol expen- 

ment , . 

Multiphcation with 0 15 per cent phenol took place at all temperature^ 
at 30 C, which is about IOC below the optimal temperature Even at 30 C, tbe 
number is scarcely 10 per cent of the growth usually obtmned wtbout 
phenol At 0 2 per cent, the bactena showed at 20 C complete inlubition for 
days, foUowed by slow death At 30 C, however, there iras no ““ 

multiphcation durmg the first day for two generations (390,000 to 1 
was foUowed after the second day by death, and then.^ter tke eighth y, 
was a quick but short recovery, followed by complete death of the culture 
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sudden recovenes of growth have been observed repeatedly With 0 25 per cent 
phenol at 30 C, after the bacteria had decreased during the first 8 days from 
390,000 to only 2 per ml (99 999 per cent killed), they multiplied agam to several 
milhons 

We cannot explam these sudden recoveries, which have occasionally been ob- 
served with other bacteriostatic agents Our first thought was, of course, an adap- 
tation to phenol, multiphcation of the few adapted cells to a new population of 
phenol-tolerant strams For this reason, a second experiment was conducted with 

TABLE 2 


Increase and decrease of viable cells of E colt in broth plus phenol at different temperatures 


teufxsatusj: 

xntE 

FSSCEKXAGE 07 FHZSOL Of B20TH 

0 15% 

0J20% 

0J5% 

0j0% 


Start 

390,000 

390,000 

390,000 

390,000 

20 C 

1 day 

Cloudy 

290,000 


250,000 


2 days 

26,000,000 

337,000 


10,000 


4 “ 

5,500,000 

304,000 

6,400 

26 


8 “ 

27,250,000 

800 


<1 


16 “ 

31,950,000 

<1 

<1 

<1 


34 “ 

58,000,000 

<1 

<1 

<1 

30 C 

1 day 

104,000,000 

1,440,000 

52,000 

3,200 


2 days 

125,000,000 

1,575,000 

1,955 

55 


4 “ 

125,000,000 

515,000 

9 

<1 


8 “ 

91,000,000 

6,100 

2 

<1 


16 “ 

5.400,000 

840,000 

3,850,000 

<1 


34 “ 

725,000 

<1 

1,335,000 

<1 

40 C 

1 day 

28,000,000 

14,000 

1,000 

200 


2 days 

14,000,000 

100 

15 

— 


4 “ 

5,800,000 

<1 


<1 


8 " 

3,650,000 

<1 


<1 


16 “ 

385,000 

<1 


<1 


34 “ 

<1 

<1 


<1 


counts on ordmary nutrient agar and duplicate counts on the same agar plus 
0 175 per cent phenol The results showed a close paraUehsm between the counts 
on the two media, the phenol agar count remaimng shghtly below the normal 
count At no pomt is there any suggestion that the bacteria have become adapted 
to phenol 


SUMMARY 

Although the bactericidal effect of disinfectants increases with increasmg tem- 
perature, the bacteriostatic effect decreases To prevent growth of a staphylo- 
coccus at 20 C, 50 ppm HgClj are sufficient, but at 30 C, 150 ppm are needed 
With most bacteriostatic agents, maximal tolerance is observed at 7 to 10 C below 
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the optimal temperature for growth, with a feu compounds, it is at or above the 
optimum 

This can be e\plamed as the result of two opposing processes Temperature in- 
creases the growth rate, it also mcreases the rate of reaction of the antiseptic with 
the cell contents The difference between these two effects determines the 
growth rate in the presence of the disinfectant 

This result cannot be reconciled with the customary assumption tliat batten- 
cidal and bacteriostatic effects are due to the same reaction It must be aSiunied 
that the two effects are due to reactions with different compounds m the cell, or at 
least with reaction at different loci 

Multiphcation of bacteria m the presence of dilute disinfectants is somewhat 
irregular and unpredictable hlultiphcation may start after many daja of a ton- 
tmuous decrease m viable cells, after 99 999 per cent of all cells are dead Such 
sudden recovery was shown not to be due to adaptation, 
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The early hterature contains many reports of the production of phenol and 
p-cresol by the putrefaction of proteins by mixed cultures of bacteria (Baumann, 
1877, Weyl, 1878, Baumann and Bneger, 1879, Baumann, 1879, Weyl, 1879a,b) 
Blumenthal (1895) demonstrated the production of phenol from beef and fibnn 
by a pure culture of Eschenchia coh-commums as ivell as by mixed cultures 
Rhem (1917) and Berthelot (1917) studied the production of phenol from pep- 
tone andn-tyrosme by strams of E coh Rhein (1918) found that phenol was 
produced from p-hydroxybenzoic acid as readily as from n-tyrosme, but not 
from seven other possible intermediates He postulated that p-hydroxybenzoic 
acid IS an intermediate in the production of phenol from L-tyxosine, and that 
phenol IS therefore produced by an oxidative attack on the /3-carbon atom of 
L-tyroaine 

Sieke (1921) tested 23 species of bactena, many of them common pathogens 
or commensals, for the ability to produce phenol or p-cresol from peptone Only 
two strams of B coh, Pasteurella cmcida, and Perez’s ozena bacillus responded 
The methods used did not permit the author to distmguish between phenol and 
p-cresol Rhem (1918) reported the isolation of an obhgate anaerobe from soil 
that produced p-cresol m bram medium, and later (1922) published a description 
of the organism, Clostridium cresologmes He also descnbed a stram of Clostrid- 
ium. telanomorphum that produced phenol in the same bram medium 

Hanke and Koessler (1924) made a study of the production of phenol by strams 
of E coll usmg quantitative analytical methods They found that certam strams 
produced tyramine from tyrosine m an acid medium, but produced phenol m an 
alkahne medium Other strams produced no tyramine or phenol Brief notes 
on the production of phenol and p-cresol by marme bactena were published by 
Stone and Machamer (1947) and Updegraff (1947) 

EXPERIMENTAL METHODS AND RESULTS 

Media Smce most of the mocula were marme or estuarme sediments, cul- 
tures were prepared with media contammg from 10 to 75 per cent filtered and 
aged sea water diluted with distilled water and contammg 0 01 per cent added 
feme phosphate Suitably diluted sea water ennehed with traces of iron and 
phosphate provide for the mmeral reqmrements of fresh water and soil forms as 

1 Coatnhutiona from the Senpps Institution of Oceanography, New senes No 412 This 
paper is a contribution from Amencan Petroleum Institute Project 43A 

* Present address Field Research Laboratories, Magnolia Petroleum Company, P O 
Box 900, Dallas 1, Texas 
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weU as manne microorganisms jMedia v\ ere sterilized by autocIa\-ing at C 
for 20 minutes, after which the pH ivas adjusted to the desired value by the'ad 
dition of sterile n/ 1 sodium hydroxide or hydrochlonc acid ifany different 
media have been employed m this mvestigation In order to avoid frequent 
repetitions of formulas, the composition of some of those most frequenth em- 
ployed are given m table 1 

Methods for detection and estimation of phenol and p-cresol For rapid routine 
testmg of cultures for phenol and p-cresol the Marquis reaction, as described b> 
Hhem (1917, 1918, 1922), was found to be the most useful method Rhem made 
the test by adding a drop of 10 per cent formalin to 5 ml of culture m a test 
tube and pourmg about 1 ml of concentrated sulfunc acid down the side of the 
tube At the pomt of contact of the sulfunc acid with the upper aqueous 
layer, a vioIet-red rmg mth a nng of white turbidity above formed m the 
presence of phenol In the presence of jj-cresol or mixtures of phenol and 


TABLE 1 
Lut of media 


^DtUU NO 

coitposino'f 

fa 

Difoo peptone 5 g, FePOi 0 1 g, agar 20 g, 75% sea water 1 liter, pH 7 4 to 
8 0 

14a 

Neopeptone 1 g, n-tyrosine (Eastman) 0 25 g, FePO« 0 1 g, 75% sea water 
1 liter, pH 7 5 to 7 9 

14b 

Neopeptone 1 g, n-tyrosine (Eastman) 0 25 g, FePOi 0 1 g, 10% sea watir 
1 liter, pH 7 5 to 7 9 

15a 

L-Tyrosine (Eastman) 0 4 g, calcium lactate (U S P ) 1 g, ascorbic acid 
(cp) 0 2 g, 75% sea water 1 liter, pH 7 3 

23a 

n-Tyrosine (Eastman) 0 25 g, FePOi 0 1 g, 75% sea water 1 liter, pit 7 7 
to 7 9 


p-cresol eontammg 10 per cent or more of p-cresol, a brown nng formed ivith a 
white turbidity above The sensitivity of the reaction is about 1 part of phenol 
or p-cresol in 40,000 parts of water In applymg the Marquis reaction, it was 
found to be more convement and qmte as satisfactory to use a reagent coatainiDo' 
1 per cent formahn m concentrated sulfunc acid, thus eliminating the neccc^it) 
of addmg the formalin separately 

Although the specificity of the reaction is high enough to make it very ureiul, 
a number of mterfermg substances have been found m cultures High conccn 
trations of hydrogen sulfide inhibit the development of a color Indole 
a violet nng, and tryptophan and peptone give a brown nng However, th(.=e 
substances do not give the layer of white turbidity cbaractenstic of phenol anU 
p-cresol No trouble was expenenced with mterfenng substances in properly 
designed media No interfering substances have been denved from microbia 
action on n-tyrosme Peptone does not give rise to mterfenng substances ii u 
IS used in concentrations of one gram per liter or less Even m tultursS ton 
mg high concentrations of peptone or casein, all mterfenng substancts maj 
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removed by simple fractionation procedures mvolving steam distillation or sol- 
vent extraction of the culture Other phenol reactions that have been used on 
such purified fractions for identification and estimation of phenol and p-cresol 
are Millon’s reaction, Pauly’s diazo reaction, and bromme water 

Pauly’s reaction was used by Rhem (1918, 1922) for distmguishmg between 
phenol and p-cresol Phenol gives a greemsh-yellow color, whereas p-cresol gives 
a red-orange tint As little as 5 per cent of p-cresol m a mixture of phenol and 
p-cresol alters the color from yellow to orange This reaction, used m conjunc- 
tion with the Marquis reaction, provides a method of obtaimng the approximate 
composition of mixtures of phenol and p-cresol 

The isolation of phenol and p-cresol was achieved by ether extraction or steam 
distillation of the cultures, or by procedures mvolvmg both steam distillation and 
ether extraction The weakly acidic nature of phenols facihtates their separation 
from mterfermg substances 

Phenol and p-cresol production by enrichment cultures The production of phe- 
nol or p-cresol proceeded rapidly in enrichment cultures moculated with 0 1 g 
or more of manne mud mcubated either aerobically or anaerobically Para- 
cresol was only rarely produced m cultures mcubated aerobically, although phe- 
nol was usually formed under these conditions A strongly positive test for 
phenol, eqmvalent to a concentration of 0 01 to 0 1 per cent m the medium, was 
often obtamed after 16 to 24 hours’ incubation, either aerobically or anaerobically 
at 27 C The phenol often disappeared from the ennchment cultures after sev- 
eral weeks’ aerobic mcubation, but persisted under anaerobic conditions More 
than a score of cultures, grown m 50 to 75 per cent sea water medium contaimng 
from 0 02 to 0 2 per cent tyrosme, from 0 5 to 10 per cent peptone, and 2 per 
cent casern were tested quahtatively for phenol and p-cresol, and 13 cultures 
were analyzed quantitatively for these products by a steam distillation procedure 
followed by application of the method of Aleksevski and Tarasova (1935) as 
cited by Snell and Snell (1937) 

All the cultures grown on L-tyrosme medium contaimng no other organic 
substrate produced phenol but no cresol Those grown anaerobically on peptone 
or casern produced only p-cresol Yields of phenol from a medium contammg 
0 2 per cent L-tyrosme were from 52 to 58 per cent of the theoretical on the basis 
of a theoretical yield of 1 mole of phenol per mole of L-tyrosme Yields of p- 
cresol from 2 per cent casern and peptone medium were from 42 to 86 per cent 
of the theoretical yield from the tyrosme content of the substrates 

Qualitative tests for tyrosme and tsrramme m the residual culture solution 
after removal of the ether-soluble fraction were negative The fate of the tyro- 
sme not converted to phenol or p-cresol m these cultures remams unknown 

Distribution of phenol- and p-cresol-produeing bacteria Prelinunary results 
showed that medium 14a (table 1) gave excellent results for routme examination 
of marme matenals for phenol-producmg bactena, whereas 14b was suitable for 
soil and fresh water mocula These media contam suflacient peptone to promote 
rapid growth of phenol-producmg bactena, but not enough to mterfere with the 
application of the Marquis test for phenol and p-cresol By adding known con- 
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centrations of phenol to the stenie medium and companng the Marqms rcichon^ 

TOth those of the cultures, the phenol concentration could bo estimated uuhui 
20 per cent 


The medium was tubed at 5 to 10 ml per tube, and 0 1 to 1 0 g of motulum 
was added to each tube of sterile medium Cultures were incub itcd 2 to 1 ihu 
either aerobicaUy or anaerobically m a McIntosh and Fildes jar under h}dro„iii’ 
at 28 C ^ A 2-mI portion was removed and tested for phenol and p-crcsol with 
Marqms' reagent If hydrogen sulfide was recognized by its odor, the 2 ml 
portion was acidified mth a few drops of 2 normal sulfuric acid, and a current 
of air was drawm. through it for a few' minutes to remove the hjdrogeii sullide 
before applymg the Marquis reaction Cultures shownng negative Marquis re- 
actions were incubated another 3 to 7 days and tested agam before beinc db 
carded 


A total of 155 samples, all from southern Cahforma unless otherwnse indic ited, 
distributed as follows, were used for mocula 

(1) 58 one-tenth-gram surface samples of manne sediments from the mtertid d 
zone to 10 nodes oflfshore from southern Cahforma and Louisiana, (2) 17 snii 
pies of manne sediments from 0 5 to 4 feet below the surface of the scdinietit 
from southern Cahforma waters, the Benng Strait, and the Antarctic Continent i! 
Shelf, (3) 30 samples of sediment cores doivn to 381 feet below the surface of 
the Louisiana tidelands, (4) 7 one-gram samples of sea water, (5) 1 one 
tenth-gram sample of sea weed (Zostera), (6) 1 mussel iMytilu3), (7) 1 barnacles, 
(8) 3 one-gram samples of od sump pit water, (9) 1 sample of oil well cellar 
water, (10) 3 samples of garden soil 

The results, given m the percentage of the samples that produced phenol m 
the desenbed test, are presented for each type of inoculum (1) 90, (2) 19, (1) 
0, (4) 57, (5) 100, (6) 0, (7) 0, (8) 0, (9) 100, (10) 33 
A bnef survey of the distnbution of bactena producing p-cresol was nude on 
01- toO 3-g portions of 27 of the surface manne sediment samples and tiie ^ain 
pie of oil well cellar w ater Three sediment samples and the oil w tU cellar w ate r, 
tested m a medium composed of 2 per cent neopeptone in 50 per cent sea water, 
gave 100 per cent positive tests for p-cresol-producmg bactena The other tcat^, 
performed m medium 14b (table 1) gave 67 per cent positive tests 

The pnncipal facts learned from this survey are as follows (1) Plicnol arJ 
p-cresol-producing bactena are widely distnbuted in marine and brackish \ ater 
sediments from the intertidal zone and from areas up to 10 miles offshore The 
finding of such orgamsms in most of theO 1-g samples evammed indicates that 
there are ordnmnly more than 10 of them per gram of moist sediment (2) ihe 
texture of the sediment does not seem to be a determining factor, as the organ 
are abundant m sand and in fine mud (3) Phenol-produting bacteria iiu> 
be found m numbers from 1 to 10 per gram m very shallow water, where the^ 
may be stirred up from the bottom by turbulence, but arc not found m apiae 
ciable numbers m water far from shore (4) Like most other marine h icteru, 
the numbers of phenol-producmg bactena appear to decline \ ith deiitti m 
sediment (5) Bactena capable of producing phenol and p-cresol do not api^ar 
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to be found m association with marine animals such as mussels or barnacles (6) 
Phenol-producmg bactena may be found m soil and oil well cellar water 

Isolation of pure cultures of phenol-producing bactena The isolation of pure 
cultures of phenol-producmg bactena proved to be a difficult task No pure 
cultures of p-cresol-producmg bactena were obtained It was found that mitial 
failures to isolate pure cultures of phenol producing bactena were due to the fact 
that the orgamsms soon lost the ability to produce phenol when grown on the 
surface of agar plates Several different platmg media were used, includmg 
nutrient sea water agar, medium 14a with the addition of 2 per cent agar, and 
a sea water agar in which L-tyrosme was the sole organic addition other than 
agar The pH was adjusted to 7 4 to 7 8 Many phenol-producmg ennchment 
cultures were streaked and plated on such media Isolations were also attempted 
m deep agar shake cultures More than 100 colomes were picked and trans- 
planted into medium 14a before a pure culture was obtamed which produced 
phenol The colony from which it was picked did not differ in appearance from 
any of the other colonies on the plate, and the morphology of the orgamsmwas 
identical This culture was plated out again on tyrosme sea water agar, and tw o 
identical colonies were picked and transferred to medium 14a One produced 
phenol and the other did not, although the morphological and cultural character- 
istics of the two strains appeared identical The phenol-producmg culture was 
plated out a third time on tyrosme sea water agar All of seven colomes picked 
and transferred to medium 14a produced phenol 

Using the same methods, a total of 11 pure cultures of phenol producmg bac- 
tena were isolated Ten of these were isolated from manne sediments, and one 
from oil well cellar water The characteristics of these cultures were studied by 
the methods recommended m the Manual of Methods for the Pure Culture Study 
of Bactena (1945, 1946) as well as by the special methods to be descnbed The 
orgamsms are facultative anaerobes, but aerobic conditions were used m the 
classification tests m order to make the results comparable with pubhshed studies 
on similar bactena All media were prepared with 75 per cent aged sea water 

It is beheved that the similarities warrant mcludmg all of these cultuies in a 
smgle species They are closely related to Achromobacter harveyi, descnbed by 
Johnson and Shunk (1936) and now hsted under the name Pseudomonas harveyi 
by Breed et al (1948) They differ from this species m that they are not lumi- 
nescent and that most strams of the phenol-producmg bacterium ferment glycerol 
whereas Pseudomonas harveyi does not Jo hns on and Shunk made no mention 
of the action of their organism on tyrosme In view of these differences, the 
phenol-producmg organism is beheved to constitute a new species A full de- 
scnption of the organism, and a comparison with Pseudomonas harveyi, the only 
species of Pseudomonas which appears to resemble the phenol-producmg organ- 
ism closely, will be published elsewhere 

Charactenstics of Pseudomonas sp 

Morphology All cultures vere gram-negative rods 0 8 to 1 5 by 1 5 to 5 
occurnng smgly, in pairs, and sometimes m short chains, with rounded ends 
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m rods were sometimes slightly curved, and the ends iiero occasionally some- 
what pomted All cultures were motile The flagellation of 7 cultures a -is 
studied, and all were found to possess a smgle polar flagellum 
Cultural characteristics several tjrpes have been recogmzed on nutncut sea 
water agar (1) flat, iridescent, circular, smooth colonies with somcuhat unduLont 
borders, spreadmg rapidly to a size of 5 to 10 cm m diameter m 2-1 to IS hours 
at 28 C, (2) circular, entue, smooth, convex, white translucent colonics 0 1 to 
1 mm m diameter after 1 to 3 days at 28 C, and (3) colomes identical to tj po 2 
except about one-fourtb the size At temperatures of 37 C or above type 1 co! 
onies are never formed Ail three types of colony may occur on a single plate 
made from a smgle pure culture of a type 1 strain Type 2 cultures may gue 
nse to type 3 colomes also, but type 3 cultures produce only this colony Ijpe 
After 2 to 3 weeks’ incubation at 28 C, type 2 colomes grew to 5 to 9 mm m di- 
ameter, and the edges sometimes became stnated Type 3 colonies seldom ex 
ceeded 0 5 mm in diameter, even on prolonged incubation Pigment was not 
formed on 0 5 per cent peptone agar, but, in agar fortified with 0 02 per cent of 
L'tyrosine, the colonies became brown, and a brown pigment diffused throughout 
the medium In sea water gelatm plates, hquefaction was ordmarily so rapid 
that colony form could not be observed On sea water agar slants, tlie spread- 
ing types gave abundant, viscous, spreadmg, grayish, mdescent growth Other 
types gave less abundant echmuiate to beaded growth without indcsience 
In nutnent sea water broth, all cultures gave rapid growth with abundant uni- 
form turbidity, a thm pelhcle or nng, and a viscid sedunent In fresh uattr 
nutnent broth, all 7 strams tested failed to grow 
Nitrates were reduced to mtntes by all cultures Indole was produced b> all 
cultures (tested by Gore’s and Ehrlich’s methods) Hydrogen sulfide production 
from peptone was vanable under aerobic conditions, but always positive ahtn 
the orgamsms were grown anaerobically m a synthetic medium containing sev- 
eral ammo acids fortified with 0 1 per cent L-cystine The ZoBell-rcltham 
(1934) method was used for the detection of hydrogen sulfide Starch was raji- 
idly hydrolyzed to reducing sugars and finally converted to acids by all strains 
except one Ammonia was produced from peptone by all strains Casein uos 
hydrolyzed rapidly by all strains except one 

Fermentations The most active strains fermented 16 carbohydrates out ot 
22 tested with the production of acid but no gas The least active strain fi.r 
mented only 8 carbohydrates Glucose, mannose, fructoac, and maltose .uu 
fermented by all strams Gas was never produced A modification of tiic int 
cromethod of Devignat (1944) usmg nutnent sea water broth containing 2 jAr 
cent of the carbohydrate and bromeresol purple indicator was used 
Oxygen tension All cultures were facultative anaerobes aVnacrobic gro v i 
was tested m medium 14a containing sufficient hydrogen sulfide to reduce I 
Eh to —6 mv Phenol was produced in nearly theoretical yields (0 7 to u-o 
of phenol per mole of n-tyrosine m the medium) under either aerobic or 
bic conditions, although aerobic cultures occasionally failed to ‘I" ' 

fonmng melanme by a typical tyrosme-tjrosinase* reaction iiuteaU a 
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that produce melanme instead of phenol could not be induced again to produce 
phenol, but were otherwise identical with the parent strain 

Effect of pH Seven cultures were tested for growth and phenol production 
in medium 28 (L-t 5 nrosme 0 4 g, calcium lactate 1 g, FePO^ 0 1 g, 75 per cent sea 
water 1 liter) under aerobic conditions at pH values varymg from 3 4 to 8 4 
Growth was vigorous from pH 7 0 to 8 4, and phenol was produced in most cases 
No growth or phenol production was noted from pH 3 4 to 4 3 The same seven 
cultures were also tested for growth and phenol production under anaerobic con- 
ditions m a Mclntosh-Eildes hydrogen jar m medium 33 contaming 0 25 per 
cent peptone and 0 025 per cent L-tyrosme and heavily buffered with potassium 
phosphate The pH varied from 5 2 to 10 0 Growth was obtained from pH 
6 4 to 10 0, although it was feeble at the upper hmit Phenol was produced from 
pH 6 4 to 9 0 m all cases, and m all but two cultures at pH 9 6 The growth of 
the bactena modified the pH m spite of heavy buffermg, reducmg it to pH 8 9 
to 9 1 m cultures onginally at pH 9 6 The final concentration of phenol did 
not depend on pH, as it reached 75 per cent or more of the theoretical yield 
whenever it was produced 

Temperature requirements The temperature requirements of the same seven 
strains were determmed on nutrient yeast extract sea water agar plates at tem- 
peratures rangmg from 3 to 47 C Optimum growth was obtamed at 30 to 40 C 
Only one culture grew at 47 C, and only one at 3 C Good growth was obtamed 
at 19 and 27 C Of 3 cultures tested under anaerobic conditions m 2 per cent 
peptone sea water broth, all grew vigorously at 43 0 and two grew less strongly 
at 47 C 

Nutnent reqmrements All cultures grew well and produced phenol under 
aerobic conditions in medium 23a (table 1), a sea water medium containmg l- 
tyrosme as the sole organic addition The same result was obtained with a syn- 
thetic medium prepared with distilled water, cp salts, and L-tyrosme The 
ability of 6 strams to utihze 10 simple carbon compounds as sole nutnents was 
also tested m a synthetic medium prepared with cp salts and distilled water with 
0 1 per cent of the carbon compound to be tested Glutamic acid and aspara- 
gine supported excellent growth of all strams under aerobic conditions, and fair 
anaerobic growth Lactic and acetic acids were fairly good carbon sources 
Glycme and cysteme supported good growth of some but not all strams For- 
mic acid, pyruvic acid, cystme, and methionme failed to support growth These 
experiments demonstrate that the orgamsm is able to utilize very simple carbon 
compounds as sources of energy, and is able to synthesize all growth factors re- 
quired m its metabohsm 

Mechamsm of phenol production Rhem (1918) foimd that phenol was pro- 
duced from p-hydroxybenzoic acid as readily as from L-tyrosme by E coh, and 
postulated that p-hydroxybenzoic acid was therefore an mtermediate m the re- 
action In order to determme whether the same mechanism is followed by 
Pseudomonas sp , a medium identical to 14a (table 1) was prepared m which the 
L-tyrosme was replaced by p-hydroxybenzoic acid Each stram was moculated 
mto a tube of this medium, and at the same time mto a tube of medium 14a 
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All cultures were incubated aerobicalty at 28 C, and tested after 21 hours uid 
again after several days for phenol Growth v, as equally ngorous in both medn 
Phenol was always produced in medium 14a, but never in the p-hjdro\\ benzoic 
acid medium 

It may be concluded that p-hydro\ybenzoic acid is not an mterniediato in the 
production of phenol by Pseudomonas sp Unfortunately, no other po^ible 
mtermediates were available for testmg Attempts to follow the production ol 
phenol by washed cell suspensions failed to yield useful data Active suspensions 
could only be obtamed by growing the cells anaeiobitally and washing the nils 
as rapidly as possible Such cell suspensions produced phenol only under \u lero 
bic conditions The mechanism of phenol production by this organism tliere- 
fore remains unknown 

Hydrogenase activity Washed cell suspensions of three cultures grown iin 
erobically and one culture grown aerobically w ere tested for hydrogenase b) the 
methylene blue reduction method of Stephenson and Stickland The cella grow n 
anaerobically contained an active hydrogenase capable of transfcrrmg hj drogen 
to methylene blue, but the cells grown aerobically had no bydrogcnasc actii ity 
Hydrogenase therefore resembles the enzyme system that produces phenol in 
that it IS produced only under anaerobic conditions 

Investigahons of the ability of other species of marine bacteria to produce pknol 
and p-cresol from h-iyrosine The observation that all the pure cultures of jilic 
nol-producmg bacteria isolated belong to the same species makes it seem likih 
that the abihty to perform this reaction is not widely distributed among different 
species of marine bacteria In order to mvestigate this question, 5 pure cultuns 
of sulfate-reducmg bactena, isolated from marine sediments by Dr W D Ro»cii 
feld, and 62 pure cultures of aerobic or facultative marmc bacteria from tlio col 
lection described by ZoBell and Upbam (1944) were tested for their abilit> to 
produce phenol and p-cresol from L-tyrosine The sulfate-reducing bittorn 
{Desulfombrio aesluarii) were cultivated anaerobically m 60-ml glaso stoppered 
bottles in medium 15a The other 62 cultures were incubated aerobically m 
tubes of medium 14a All these cultures were maintained at 27 to 28 C until 
good growth was obtamed, and were then tested for phenol and p crcaol with 
Marquis’ reagent In no case was a positive test obtamed It may be coiioluJi-d 
that the ability to produce phenol is rare among different species of niirmt; 
bacteria 


DISCUSSION 

An inconsistency will be noted m that cultures “incubated aerobically” uoii iHj- 
produce phenol, whereas it is stated that the enzyme system tliat forms planol 
13 produced only under anaerobic conditions A possible explanation is that cul 
tures meubated aerobically m cotton-plugged tubes rapidly utilize idl duoKc 
oxygen m the medium and become anaerobic beneath the surface, ttius sx-rini 
ting the phenol'producmg vanant to dexelop This interpretation is support 
by the observation that many cultures incubated aerobically m luiuid u'*-* * 
permanently lose the ability to produce phenol, but such cultures im u u ^ 
anaerobically do not lose this ability 
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Pseudomonas sp is actively proteolytic and saccharolytic It has very simple 
nutrient requirements and tolerates wide variations m Eh, pH, temperature, and 
composition of the medium Its biochemical versatihty and wide distnbution 
fit it for an important role in the mtrogen and carbon cycles m marme sediments 

SUJIMARY 

Bactena capable of producing phenol and p-cresol were found to be widely 
distributed m marme sediments from the continental shelf of southern California 
and from the mtertidal zone of Louisiana 

Studies of enrichment cultures showed that bactena were present that rapidly 
produced phenol or p-cresol m sea water media containmg L-tyrosme, casein, 
or peptone Phenol was usually produced m media containing free L-t 3 Tosme 
and httle or no peptone, but p-cresol was usually produced in media contaming 
only peptone or casern mcubated imder anaerobic conditions 
Attempts to isolate pure cultures of p-cresol-producmg bactena were unsuccess- 
ful, but 10 pure cultures of phenol-producmg bactena were isolated from manne 
sediment samples and 1 from oil well cellar water 
This organism, beheved to be a new species of Pseudomonas, is a facultative 
anaerobe that produces phenol from L-tyrosine, peptone, and casern When it 
IS cultivated under aerobic conditions, variants arise that have permanently lost 
the ability to produce phenol from L-tyrosme, but mstead produce melanme 
by a typical tyrosme-tyrosmase reaction 
The mechamsm of phenol production is unknown It differs from that of Es- 
cherichia coll as p-hydroxybenzoic acid is not an mtermediate 
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Bacteria give promise of yieldmg quantitative information on the process of 
gene mutation, which could not be obtamed from the classical genetic matenals 
(Luria, 1947) However, detailed studies have so far been confined almost en- 
tirely to a particular group of mutations, namely, those producing phage resist- 
ance (Demerec, 1946, Witkm, 1947b, Bryson, 1948, Beale, 1948, Newcombe, 
1948, Newcombe and Scott, 1949) For this reason, the present mvestigation 
has been directed toward obt ainin g accurate data for a different kmd of muta- 
tional change, namely, the development of drug resistance 

The genetic ongm of resistance to three of the most common antibactenal drugs 
has already been studied These are pemcillm (Demerec, 1945, usmg Staphylo- 
coccus aureus), sodium sulfathiazole (Oakberg and Luna, 1947, usmg S aureus), 
and streptomycm (Elein and liimmehnan, 1946, Alexander and Leidy, 1947, Dem- 
erec, 1947, Scott, 1949, usmg, respectively, Shigella spp , Hemophilus influenzae, 
S aureus, and Escherichia coli) Of these, streptomycin was chosen smce it ap- 
peared to be the only one to which a high degree of resistance could be developed 
in a single mutational step 


MATERIALS 

Escherichia coli strain B/r (Witkm, 1946, 1947a) and streptomycm (calcium 
chlonde complex, Merck) have been used throughout Liquid cultures were 
grown m Difco nutnent broth plus 0 5 per cent sodium chlonde, and platings 
were made with Difco nutnent agam havmg the same salt concentration One 
umt of streptomycm is the equivalent of one microgram of streptomycm base 

EXPERIMENTAL RESULTS 

Degrees of streplomycin resistance Survival m concentrations of streptomycin 
rangmg from 0 to 4,096 umts per ml was measured by platmg known numbers of 
bactena with melted agar contaming streptomycin and countmg the colomes 
that developed on mcubation 

Curves were first obtamed for the parent stram and then for cultures denved 
from the colonies survivmg 1, 2, 4, 8, 1,024 umts per ml These are shown in 

figure 1 and are numbered to mdicate the concentration from which the colomes 
were isolated Numbers 1 to 8 are from means of four tests each Of seven 
colonies survivmg 16 units per ml, three possessed slightly increased resistance 
(curves 16a, b, and c), and four were resistant to 4,096 umts per ml The two 
types will be termed “slightly ” and “fully” resistant All colomes surviving 
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3- units or more, per ml were of the latter tj^pe (table 1) Tht:> oi m 

termediate forms possessing higher degrees of resistance hin. aho been loucj 
m Hemophilus tnfluemae (Alexander and Leidy, 1947), and in J/j/cokc'.rjw 
i^erculosis and xMycobacienum ranae (Yegian and Vanderlinde 1141S} U. 
Meningococcus data (Miller and Bohnhoff, 1947) appear at first’.ight to con 
stitute an exception, but the apparent difference could be due to the Use of sur- 
face platings, a condition that greatly reduces the selective action of the dm • 



STREPTOMYCIN CONCENTRATION MICROGRAMS PER ML 

Figure 1 Sumva] curves for strains isoJatecl from various concentrations of strip'o- 
mjcin The number of each curve indicates the streptomicin concentration in units p r 
ml from which the strain u as isolated 


Two tiTies of the fully resistant vanant were observed one capable of gro ang 
either in the absence or in the presence of streptomycin and the other onb '•'* 
streptomycin is present These have been termed “resistant" and ‘ dependent 
and will be referred to as sr and sd, respectively Similar rcaistaiit and dejwi 
dent types have been desenbed m Meningococcus by Miller and Bohnboii (lOlO, 
in Staphylococcus aureus, Proteus morganti, Klebsiella pneumoniat, C.cLncha 
coll, and Pseudomanas aeruginosa, by Paine and Finland (lO-lS), md m 'fi"-* 
bacterium by Hobby and Dougherty (1948) 

Both the sr and the sd variants have been subcultured tcnallv, the lorn ir m 
the absence of streptomycin and the latter m I2S units per ml Single tolor - -> 
from a dilution of the prevnous culture were u^td as the inoculum m tae i ea< 
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Both variants were unchanged after ten such subcultunngs, this being the 
equivalent of a factor increase of 10'“, or of more than 300 cell generations 
Mutation rates Series of similar cultures were grown from small mocula, 
the whole cultures (centrifuged where the volume was greater than 1 ml) plated 
with agar contaimng 64 umts of streptomycm per ml, and colony counts made 
Each colony was then tested to determine whether it was sr or sd Mutation 

TABLE 1 


Proportions of fully resistant colonies obtained when sensitive populations are plated with 
increasing concentrations of streptomycin 


CONCENTRATION OP STREP- 
TOJIYCIN (UNITS/UL) 

NO OP COLONIES 
TESTED 

NO OP COLONIES RESISTANT 
TO 1 000 DNITS/ML 

PERCENTAGE OP RESISTANT 
COLONIES 

s 

14 

1 

7 

16 

13 

5 

38 

32 

5 

5 

100 

64 

41 

41 

100 


TABLE 2 


Mutation rates from sensitivity to sr and sd 


EXPERI 

ICE NT 

■ 

VOL UX 

M X 10* 

MUTATION TO sr 

MUTATION TO sd 

Po 

B 

ai X 
icr» 

a* X 
icrxo 

Po 

B 

ai X 
io-‘» 

ai X 
icr»» 

A 

90 

■1 

3 7 

0 96 

0 10 

0 9 

n 

1 00 

0 09 

0 8 

1 0 

B 

100 

■■ 

2 9 

0 95 

0 35 

1 2 

3 3 

0 98 

0 02 

0 5 


C 

100 

1 

4 3 

0 96 

0 14 


1 1 

0 93 

0 07 

1 2 

0 8 

D 

100 

1 

4 9 



mmM 

1 3 

0 92 

0 10 

1 2 

0 8 

E 

16 

10 

24 

0 75 

0 44 

0 8 

0 9 

0 69 

0 50 

1 1 


F 

16 

10 

24 

0 75 

0 38 

0 8 

0 8 

0 75 

0 44 


0 9 

G 

16 

10 

35 

0 75 

0 81 

0 6 

SB 

0 50 

ESI 

3 1 


H 

16 

10 

33 

0 94 


0 2 

m 


m 

1 7 

0 8 

Averages of mutation rates 

0 8 

1 2 


1 3 

0 8 


C, number of cultures, ni, bacteria in the inoculum (not listed above, is between 10“ 
and 10*), nj, bacteria in the fully grown culture, po, proportion of cultures in which no 
mutant cells occurred, r, average mutant cells per culture, ai and aj, estimates of mutation 
rate using formulas 1 and 2 


rates to sr and sd were estimated by the two standard methods (Luria and Del- 
bruck, 1943, formulas 1 and 2 of Newcombe, 1948) and were found to be sim- 
ilar and equal to approximately 10~'® per bacterium per division cycle (table 2) 
Evidence for the spontaneous mutational origm of the sr variants was obtamed 
by comparmg the numbers of mutant cells m mdividual test cultures with the 
numbers expected on the mutation hypothesis (table 3) A comparison sinular 
to this has been made by Luna and Delbruck (1943) for phage resistance The 
present case differs from theirs m that it has been possible to avoid correctmg 
for the occurrence of two mutations m the same culture by using data solely from 
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the 1-ml cultures Since only about 5 per cent of these contained sr mutants, 
the number of cultures m which two such mutations had taken place would be 
negligible The table shows that there was good agreement 

TABLE 3 


Numbers of mutaUons giving rise to various numbers of descendants 
(CompansoD of observed distributions with those calculated assurcuBg a constant mutation 
rate and equal growth of mutant and parent strains) 


i 

DinSlOK FJU08 TO ZUD i 

OF ezowra 1 

i 

2{0 OF Discs. ^AKTS 
rsOit A IfUTATION 

NUUBEJis or inrrATtovs 

sr 

si 

Calc 

o 

cr 

• 

Calc 

o 

0 

1 

10 5 

11 

11 0 

IS 

1 

2 

5 8 

6 

55 : 

4 

2 

3-6t 

2 9 

1 

2 8 , 

0 

3 

7-11 

1 4 

2 

1 4 

0 

4 

12-22 

1 0 7 

1 0 

0 7 

0 

5 

23-45 

; 04 

1 

0 4 

0 


* Data from the l-ml test cultures only No correction is made for those cultures in 
which two mutations may have occurred, since the probable number of these is negligible 
t Where small whole numbers are involved the limits of the classes cannot bo set nitli 
accuracy As a result this class is somewhat larger than it should be and the preceding 
one somewhat smaller 


TABLE 4 


Compehlive growth of susceptible and sr strains in broth 


No of repheate cultures 

Vol of cultures, ml 

Avg sr bact in moc (mi) 

Avg total bact in inoc (nd 

10 

10 

0 73 X 10' 

1 94 X 10' 

After 18 hours’ incubation 

Avg srbact (mi) 

Avg total bact (ni) 

Factor increase m population 

No of generations 

Avg mi/niX ni/mi 

0 90 X 10» 

2 45 X 10> 

13 X 10‘ 

! 17 1 

0 91 ± 0 105 

After 5 days’ incubation 

Avg srbact (mj) 

Avg total bact (ni) 

Avg mj/nj X ni/mi 

0 63 X 10’ 

1 59 X 10’ 

1 10 dsO 2(A 


The sd variants are similarly treated m the table, but 
mycm dependence of this form no test culture would b 
large numbers That the two comparisons differ in the 
evidence of the vahdity of the test 


owing to the strepto* 
e expected to contain 
manner anticipated is 
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It should be noted that sr and sd individuals did not occur together in the 
same culture more often than would be expected from the action of chance 
Possible sources of bias Formula 2 assumes that the mutant bacteria mul- 
tiply at the same rate as the parent stram That there are no appreciable dif- 
ferentials of growth or of death in the case of the sr variant has been shown by 
growmg cultures from mixed mocula (table 4) Bactena of the sd stram sim- 
ilarly treated failed to undergo more than two divisions durmg 17 generations 
of the parent stram It follows that formula 2 will not be biased m the case of 
mutation to sr, but will underestimate the rate of mutation to sd as a necessary 
consequence of the streptomycin dependence 
Both formulas would give biased estimates if the growth of some of the resis- 
tant cells were inhibited by the presence of large numbers of sensitive bactena 
That this does not occur in the case of sr cells has been shown by mixin g known 


TABLE 5 

Recovery of sr mulanls lhal have been added to large susceptible populations 


No of replicate tests 

14 

Vol of suspension used in each test, ml 

10* 

Avg no of bact in test suspensions 

o 

X 

Avg resistant mutants in test suspensions 

6 

Avg resistant mutants added 

264 

Avg recovered after centrifuging 

313 

Avg ratio observed/expected recovery 

1 19 ± 0 76 


* Note The 10 ml samples used in each of the 14 rephcate tests were all from the same 
culture One sample with, and one without, added mutants were centrifuged and plated 
in each test To mimmize death from metabolic products formed during and after cen- 
trifuging while the bacteria were crowded in the pellet, the suspensions were chilled and 
kept at approximately 5 C until plated 

numbers with appioximately 10 sensitive bactena, platmg ivith streptomycm 
agar, and makmg colony counts m the usual manner (table 5) 

Single-step origin of the fully resistant variants It was conceivable that the 
slightly resistant forms might mutate more readily to full resistance than did 
the parent stram, and that as a consequence an appreciable proportion of the 
changes to full resistance might take place via this mtermediate step Two of 
the shghtly resistant forms descnbed earher were tested, and the mutation rates 
weie found not to differ significantly from those for the parent stram These 
rates, with formula 1, were 0 3 and 1 1 X 10 for mutation to sr, and 1 8 and 
1 4 X 10 for mutation to sd as obtamed from series of 24 ten-ml cultures of 
each strain 


DISCUSSION 

The possible effects of dominance and phenotypic delay Approximately equal 
estimates of the rate of mutation to the sr form have been obtamed usmg for- 
mulas 1 and 2 If the bactena contained only a smgle nucleus, this would m- 
dicate that gene mutation alters the phenotype immediately, or within a negh- 
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gible fraction of a division cycle However, there is cytological evidence of tno 

arranged nuclei in the cells during logarithmic 
growth (Robinow, 1945, Boivin, 1947) Where four muclei are preint. eleau^e 
appears to separate sister pairs Although observation is more difficult dunmr 
the period immediately prior to saturation, it is possible that more than one nu 
leus IS present throughout the whole of the growth cycle 
If the bacteria contam more than one nucleus, it is necessary to take account 
of dominance, smce a mutant gene when it first appears ivould be present in onl) 
one nucleus In this heteronucleate state it might be either dommant or reces- 
sive If recessive, expression could not occur until the segregation of a homo 
nucleate mutant Also, after the development of the appropriate genotjpc 
(heteronucleate dominant or homonucleate recessive) phenotypic expression could 
follow either immediately or after a delay of one or more generations There 
are four possible combmations of these conditions (a) dominant mutation, no 
phenotypic delay, (b) dominant mutation, phenotypic delay, (c) recessive mu 
tation, no phenotypic delay, and (d) recessive mutation, phenotypic delay It 
is inherent in the formulas used for the calculation of the mutation rates that the 
relative values of the two estimates obtamed by formulas 1 and 2 (New combe, 
1948) would depend upon which of these conditions applies Thus, in case (a) 
estimate 1 would be greater than estunate 2, in case (b) estimate 1 would equal 
estimate 2 if the number of generations required for phenotypic expression was 
equal to the number required for a homonucleate mdmdual to develop (one gen 
eration if there are two nuclei, and two generations if there are four) but, failing 
this, it could be either greater or less, m case (c) the two estimates must be equal, 
and m case (d) estimate 1 would be less than estimate 2 Thus, the equal es 
timates obtamed for mutation to the sr form could be interpreted in terms either 
of dominance of the mutant gene or of absence of phenotypic delay 
It should be pomted out that formulas 1 and 2 do not yield equal estimates of 
the rate of mutation to phage resistance (Luna and Delbruck, 1943, Demerec 
and Fano, 1945), and it is clear that phenotypic change must occur two or three 
generations after the formation of a homonucleate mutant cell (Newcombe, 1948) 
Whether streptomycm resistance differs m bemg controlled by a dominant gene 
or in havmg no phenotypic delay cannot be decided at the present time 

The 'possibility of related genes in other organisms It is of mterest that muta- 
tion to streptomycm resistance m Hemophilus influenzae occurs at a rate, 0 4 X 
10-w (Alexander and Leidy, 1947) that is not appreciably different from that 
for E coh This, together with the fact that the development of resistance and 
of dependence both appear to be widespread phenomena, suggests that the gene, 
or genes, responsible may be related by descent and relatively unchange wit 
respect to one another 
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SUMMARY 

The estimated rates of mutation of Escherichia coli stram B/r to streptomycin 
resistance and to streptomycm dependence are both approximately 1 X lO-*” 
per bactenum per division cycle 

Mutation to streptomycm resistance differs from mutation to phage resistance 
m that equal estimates are obtamed by the two standard formulas The dif- 
ference could be due either to dominance of the gene for streptomycm resistance 
or to absence of phenotypic delay 

E coll and Hemophilus influenzae have similar rates of mutation to strepto- 
mycm resistance, and it is suggested that the genes responsible may be related 
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Several reports have demonstrated that p-ammosalicyhc acid, “PAS” (4-ammo- 
2-hydroxybenzoic acid), strongly inhibits the growth of Mycdbactenum tvbercu- 
culosis (human and bovine strains) in mtro and, m animal experiments, in vivo 
High dilutions of PAS (about 0 25 mg per 100 ml) inhibit the in vitro growth 
of tubercle bacilh All other bacteria so far tested (mcludmg other species of 
mycobactena) are inhibited only by much higher concentrations, such as 100 mg 
per 100 ml or more This extreme specificity of PAS for tubercle bacilh is still 
unexplamed 

When it was reported that the in vitro action of PAS agamst tubercle bacilli 
was antagonized by p-ammobenzoic acid (PABA), experiments were run to de- 
termine what role PAS might play m the metabohsm of other bactena The 
work was not completed, but prelimmary results of considerable interest were 
obtamed 

With the synthetic media and the methods of Roepke et al (J Bact , 48, 401, 
1944), it was found that m the case of two mutant strains of Escherichia call, nos 
273-384 and 1861-460, which ordmanly require added PABA to support growth 
m a synthetic medium, PAS could be substituted for PABA The amounts re- 
quired to obtam the same amount of growth varied from approximately 6 to 25 
times as much, dependmg upon the time at which the growth was determmed, 
the pH and constituents of the medium, and other conditions Samples of PAS 
recrystallized to eliminate possible traces of the more soluble PABA gave the 
same results as the origmal material Therefore it is very probable that the lack 
of action of small amounts of PAS agamst most bactena is due to the fact that 
PAS can be utilized m a manner similar to that in which PABA is utilized 

These results do not explain the fact that low concentrations of PAS inhibit 
the growth of tubercle bacilh or that this inhibitory action is antagonized by 
PABA At present it is only possible to say that tubercle bacilh apparently 
utilize PABA m such a fashion that the insertion of a hydroxyl group m the mol- 
ecule adjacent to the carboxylic group produces a strongly inhibitory action on 
growth The same substitution has httle or no effect on other bactena Much 
more work must be done to provide a fuller explanation of the antitubercular 
action of PAS 

'■ Present address Davis il Geek, Inc , 57 Willoughby St , Brooklyn 1, New York 
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A TRANSPARENT AGAR IVIEDIUM FOR GROWING 
NEISSERIA GONORRHOE^IE 

J HOWARD BROWN and MARIE L KOCH 
Department oj Bacteriology, Johns HopLtns Medical School, Baltimore, Maryland 

Received for publication February 21, 1949 

For some purposes a transparent solid medium is desirable for the growth of 
gonorrheal cultures, there is better visibihty of colonies, and plates of such i 
medium may be projected onto a screen for lectures and class demonstration^ 
By such means the oxidase reaction can be watched by an entire class V siniplo 
transparent agar medium as suitable for the growth of Neisseria gonorrhoiac a* 
pancreatic digest chocolate blood agar (Koch J Bact , 56, 83, 1948) is hero dc 
scribed 

Human blood, obtained from the blood bank and preserved with 30 per cent ol 
a “blood-preservative solution” consisting of 1 66 per cent citrate, 0 59 per cent 
citric acid, and 2 5 per cent glucose m distilled water, is laked m sterile distilled 
water m the ratio of 1 volume of blood to 4 volumes of water The solution is 
centrifuged , the clear, red supernatant fluid is transferred to sterile centrifuge tubes 
and heated in an 80 C water bath until coagulation occurs To remove the co- 
agulum the tubes are centrifuged and the clear, pink supernatant fluid is used m 
the preparation of the medium 

To prepare plates 1 volume of “supernatant” is added to 4 volumes of pan 
creatic digest agar pH 7 4 (Brown J Bact , 55, 871, 1948), melted, and cooled 
to 45 C When hardened the medium is transparent and has a slightly pinkish 
cast 

Plates inoculated with Neissena gonorrhoeae show profuse growth, comparable 
to the amount of growth obtained on pancreatic digest chocolate blood agar plates, 
after 48 hours’ mcubation at 37 C m an atmosphere containing approximately 
10 per cent carbon dioxide The colonies are of medium size, round, slightlj 
opaque, convex, and glistening, and when tested with oxidase reagent give a 
positive reaction 



THE PRESERVATION OF YEAST CULTURES BY LYOPHILIZATION 
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Since the pioneer work of Rogers (1914) on drying cultures from the frozen 
state and the wide apphcation of this procedure to bacteria, the lyophil process 
has been shown to be a successful method for the preservation of yeast cultures 
in a viable state over extended penods (Elser et al , 1935, Wickerham and Andrea- 
sen, 1942, Wickerham and Fhckmger, 1946) The fundamental value of this 
method of yeast culture mamtenance depends upon the retention by the yeast 
of all of its properties unchanged Such a procedure would be of paramount im- 
portance m the fermentation mdustries, and of no less importance for scientific 
collections 

We have recently had occasion to study the influence of lyophihzation on a 
number of brewers’ yeast cultures and have obtamed evidence that these cul- 
tures may undergo certam marked changes as a result of lyophihzation In 
several mstances, the bios or growth factor requirements of cultures isolated 
after lyophihzation showed changes suggestive of a mutation or segregation of 
charaotenstics 

Incidentally, Dopter (1948) has recently reported changes m morphology and 
sporulation tendency m cultures of Saccharomyces ellipsotdeus that had been 
preserved by desiccation m a vacuum His method of preservation, however, 
IS not lyophilization as ordmanly defined, since the cultures were not evacuated 
and dned m the frozen state He notes that no signs of sporulation could be 
detected m his desiccated cultures and thus the changes could not be ascribed 
to segregation 

Our own work followed the standard lyophihzation techmque as described by 
Wickerham and Andreasen (1942) Yeast was suspended m normal horse serum, 
frozen qmckly, dned under a high vacuum, and finally sealed off All the cul- 
tures thus prepared have been foimd to be viable up to periods of three months, 
at the present wnting 

It was observed, however, that a very low survival rate was the general rule 
Upon mvestigation by the plate count method, it was found that as many as 
99 98 per cent of the cells of the original yeast suspension fail to survive lyophih- 
zation The destruction of such a high proportion of the population nught be 
expected to show evidence of selection even though the degree of nonhomo- 
geneity IS not great In order to determme whether any change m growth re- 
quirements had occurred as a result of the lyophihzation, the revitalized cultures, 
which had been allowed to develop m test tubes of hqmd malt wort, were plated 
'^utNm agar, and random isolated colonies were selected for testmg accordmg to 
the biCs techmque descnbed by Atkm, Gray, Moses, and Feinstein ‘ The parent 

* Paper to be presented at the Second International Congress of the European Brewery 
Convent/on in Lucerne, Switzerland, from May 29 to June 4, 1949 
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Stock cultures were also tested m the same way, both after initial isol Uioii from 
brewery yeast and later after subcultures had been lyophihzed 
A surpnsmg number of vanants were observed in the revitahzed culture^ 
In table 1 are shown the growth patterns of representative subcultures that were 

TABLE 1 

DislnbuUon of bios patUrna after lyophihzalion of a yeasl cullurt. 


(Growth at 40 hours, 30 C — mg moist yeast per ml) 


1 

CUtTURZ VUUBE2 

BIOS 7ACrOK OUltTEO TiOH iODlUil 

None 

Biotin 1 

Panto* ' 
thenate 

Inositol 


7C219 (stock) 

i 13 2 

0 2 

11 8 

12 6 

14 5 

1 

7C219-Lla 1 (lyoph ) i 

1 12 8 

1 1 

5 1 

10 8 

8 4 

7C219-Lla 2 Oyoph ) , 

, 12 6 

0 6 

2 2 

7 4 

0 8 

7C219-Lla 3 flyoph ) | 

12 8 

0 1 

9 2 

12 a 

14 0 


TABLE 2 


Constancy of bios patterns of yeast cultures upon retsolalton 


(Growth at 40 hours, 30 C— mg moist yeast per ml) 


BIOS FACTOB OUmBD IlOU UEBIUU 


aattrae iicriiBEB i 

None 

Biotm 

Panto- 

tBcnalc 

IbosiUiI 

DilBilSl 

7C219 (stock) 1 13 2 

7C219 1 (S.)* 1 13 2 

7C219 2 (S.)* 1 13 2 

7C219 3 (S.)* ' 11 -1 

7C219 4 (S.)* 1 13 2 

7C219 5 (S.)* ' 11 8 

0 2 

0 3 

0 2 

0 2 

0 2 

0 3 

11 8 

12 0 

9 4 

11 8 

12 0 

11 4 

12 C 

12 0 

12 0 

12 0 

12 0 

12 0 

14 5 

14 5 

13 7 

11 0 

13 7 

13 2 

7C219-Lla 2 (l>oph) ' 12 6 

7C219-Lla 2a (L.)t ^ 

7C219-Lla2b (L,)t ° 

7C219-Lla 2c (L.)t , “ 

7C219-Lla2d (L.)t 

7C219-Lla 2e (L,)t , “ ° 

0 6 

0 7 

0 4 

0 7 

0 6 

0 7 

2 3 

2 0 

2 9 

1 9 

1 1 

1 G 

7 1 

8 7 

0 5 

8 4 

8 8 

7 4 

0 S 

7 4 

0 6 

8 2 

G 8 

8 1 


• S, = Subisolate from stock culture 
t L. = Subisolate from lyophilized stock culture 


isolated from ooe parent after lyophtteafon It n.ll be teen 
(Lla 1) appears to have lost the abihty to synthesise pantothenate at the 
ate as Its pSnt. and it also grows more poorly m the absenee of B. and B. 

(Lla 2) has lost the ahUity to grow m the absence of pant. 
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thenate, inositol, and or Ba as -well as did the parent strain On the other 
hand, the third isolate shown (Lla 3) resembles the parent culture quite closely 
The bios pattern that is used as a cultural characteristic is a relatively stable 
and reproducible property of the cultures that have been used in this work 
As a measure of this reproducibihty, five isolates were made of the parent cul- 
ture described above and five isolates were made of one of the altered progeny 
(Lla 2) The bios patterns of the 10 subcultures are shown m table 2, from 
which it can be seen that the pattern is quite reproducible Judged by this 
technique, the two cultures are distmctly different strams of yeast 
Variants have been found m more than 50 per cent of the revitahzed cultures 
exammed by this techmque In table 3 the growth patterns of five different 
cultures are shown with the pattern of a typical variant m each case Among 


TABLE 3 

of lyophthzatton on btos patterns of brewers’ lager yeast cultures 
(Growth at 40 hours, 30 C — mg moist yeast per ml) 


CULTURE NUMBER 

None 1 

BIOS EACT05 

Biotm j 

: OiaXTED T. 

Panto- 
thenate ! 

KOU MEOlUIb 

Inositol 

t 

Bi and £i 

7C219 (stock) 

M 

1 

2 

0 

2 

11 

1 

s 

12 

6 

14 

5 

7C219 Lla 2 (lyoph ) 

D 

8 

0 

2 

2 

6 

6 

2 

4 

6 

7C30 (stock) 

17 

2 

0 

6 

14 

0 

2 

1 

16 

7 

7C30-L8a 5 flyoph ) 

11 

4 

0 

4 

! 6 

S 

1 

4 

4 

1 

7C247 (stock) 

13 

1 

2 

0 

8 

0 

2 

5 

6 

13 

2 

7C247-L5a 2 (lyoph ) 

10 

8 

0 

1 

0 

0 

5 

2 

2 

8 

7C81 (stock) 

11 

4 

0 

7 

0 

7 

12 

8 

12 

6 

7C81-L7a 1 Gyoph ) 

11 

0 

0 

9 

5 

7 

5 

7 

7 

1 

8 

80166 (stock) 

12 

6 

0 

7 

0 

5 

0 

6 

' 12 

8 

8C166-L9a 2 (lyoph ) 

9 

0 

0 

5 

0 

7 

9 

8 

9 

0 


these examples are found cultures that have suffered a loss or marked curtail- 
ment of the synthetic abihty for each of the bios factors and also two apparent 
reverse mutations or changes, i e , the gam of the abihty to grow m the absence 
of a particular growth factor 

It IS recogmzed that the bios typmg technique measures only a mmute propor- 
tion of the total number of synthetic functions that characterize a yeast cell, and 
furthermore a difference m bios requirement is not usually regarded as sufficient 
to characterize different yeast species accordmg to the classical procedures It 
should be emphasized, however, that the mdustnal use of yeast m brewmg, bak- 
mg, distilling, and wme makmg depends upon a host of charactenstics, many so 
subtle as to have eluded the taxonomist entirely As well as can be judged from 
the literature, no one has made a critical study of the influence of lyophihzation 
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upon the character of the surviving yeast cells In view of the results deacnbed 
in the present communication, it is suggested that lyophihzation as a method oi 
yeast culture preservation should be viewed more critically and tested carefulK 
before bemg adopted to the exclusion of other methods 
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Ajl and Werkman (1948) have previously reported on the heterotrophic re- 
placement of carbon diovide and reviewed the hterature on the bactenal re- 
quirement of the gas for optimal growth A number of compounds have been 
found that m the case of both Escherichia coh and Aerobacter aerogenes substi- 
tute for carbon dioxide to give not only normal but, m many instances, enhanced 
growth These compounds include the members of the Ejrebs cycle or their 
metabohc precursors 

This contnbution considers the mechamsm of the subsbtution The evidence 
pomts to an orderly manner m which this phenomenon takes place Oxalacetic 
and a-ketoglutanc acids appear to function as the cardmal compounds m the 
replacement of CO 2 when added as such or in the form of their precursors In- 
hibitors prevent the oxidation or the deammation of the vanous precursors of 
oxalacetate and a-ketoglutarate Under such conditions no growth is obtamed 
unless oxalacetate or a-ketoglutarate is present Cyclohexanol inhibits the 
deammation of aspartic acid to fumarate, addition of this compound to a COn- 
free medium contaimng aspartic acid results m no growth The addition of 
oxalacetate now provides abundant growth Similar results have been obtamed 
with the other members of the Krebs cycle 

METHODS 

In view of the problem two general types of mvestigations were conducted 
mvolvmg both multiphcation experiments and studies with nonprohferatmg cells 
Simultaneous multiphcation and restmg cell experiments were conducted for 
confirmatoiy purposes It is of significance that the results were essentially 
the same whether a growmg bactenal culture represented the enzyme under con- 
sideration or a cell depnved of an essential metabohte 

Growth experiments The methods were essentially those employed m pre- 
vious work (Ajl and Werkman, 1948) The organism was Aerobacter aerogenes 
A 24-hour culture grown m the basal medium constituted the moculum The 
medium consisted of 0 8 per cent KH-PO^, 0 4 per cent (NH<) 2 S 04 , 10 per cent 
tap water, and 0 8 per cent glucose, final pH adjusted to 6 8 The compounds 
tested were added before autoclavmg, except m the case of oxalacetic acid A 
solution of the sodium salt of this acid was stenhzed by filtration and added 
aseptically to the medium 

1 Journal Paper No J-1399 of the Iowa Agricultural Experiment Station, Ames, Iowa, 
Project No 975 

* United States Public Health Service fellow 
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CO,-a^orphon tram The air was first passed through a sterile, cotton hlM 
tube then freed from CO 2 by being passed through an alkah tower filled with 
glass beads containing 30 per cent NaOH, with phenolphthalem as an indiutor 
The reaction flask contained 100 ml of basal medium to which 1 per cent ot 
inoculum by volume was added aseptically, unless otherwise stated 111 ex- 
periments were conducted at 30 C Growth was measured by turbidinietrit 
readings on a Klett-Summerson photoelectric colorimeter with 660 m/i light 
filter All readmgs were made after 18 hours, incubation tune Sterile, unmoc- 
ulated culture media were used as controls 

Resting cell expeTiments Large amounts of A aerogenes were grown in the 
same medium as m growth experiments, plus yeast extract Since A aero,juu^ 
grown m glucose media m the absence of citrate attacked citrate lerj weiklj 
m manometnc experiments, the cells were growm in a medium of 2 per cent so 
dium citrate, 0 35 per cent peptone, 0 1 per cent KH 2 P 04 , and 10 per cent tap 
water, which was ad]usted to pH 6 5 After 48 hours of aeration at 30 C the 
cells were harvested m a Sharpies centrifuge and either used immediatelj or 
lyophihzed and stored The Barcroft-Warburg respirometer was used m nmt 
of our experiments The total volume of reactants varied from 2 3 to 1 0 ml 
Endogenous values were deducted 

Oxalacetate was determined accordmg to the method of Edson (1935) a he 
toglutarate was detenmned by the ceric sulfate method The products of this 
reaction are succmate and carbon dioxide Cohen’s (1939) method was used for 
glutamic acid, and a modified method of Johnson (1941) was used for ammonu 
The sample contaimng the formed ammoma was transferred from the Warburg 
vessel mto a test tube and to it was added an equal amount of trichloroacetic 
acid The cells were centrifuged and filtered To the filtrate 3 ml of 2 n NaOIf, 

1 ml of freshly filtered gum arabic, and 0 5 ml of Nessler’s reagent were added 
The colored solution was mixed and read on the photoelectnc colorimeter using 
a 420 m^ filter The range was 10 to 100 micrograms nitrogen, precision, ± I 5 
micrograms 


EXPERIMENTAL RESULTS 

Cilnc acid Since Brewer and Werkman (1939, 1940) found that araenite, 
monoiodoacetate, and bisulfite completely, and fluonde partially, inhibited tlie 
breakdown of citnc acid by Aerohacter indologenes, they concluded that the ini 
tial breakdown products were oxalacetate and acetate under both aerobic and 
anaerobic conditions To determine the mechanism by which citrate replatts 
carbon dioxide, vanous concentrations of the foregoing inhibitors were added to 
cultures of A aerogenes contaimng citnc acid as the substituent for CO n 
growth experiments only bisulfite and monoiodoacetate completely inhibited the 
development of the organism, whereas the growth was normal m the prcscnte oi 
fluonde and nearly normal upon the addition of AsjOj (table 1) 1 1 1 

The seenungly contradictory results obtamed "with arsenious oxide and luu ■ 
fite (both prevent the breakdown of a-keto acids but b> different mec ianisin. , 
e g , bisulfite by binding the keto acid and the arsenious oxide by inhibiting 1 
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oxidative decarboxylation) prompted further vork to determme more specifi- 
cally the keto compound that detenmnes the abihty of citrate to replace carbon 
dioxide From restmg cell and particularly from cell multiplication experiments 
it appears that oxalacetate may not be the mitial compound formed m the dis- 
similation of citric acid, at least under aerobic conditions When sodium bisul- 
fite IS added to Warburg cups conta inin g sodium citrate and cells, no gas ex- 
change above that of the endogenous is observed for the first few hours (figure 1), 
but soon afterward an oxygen uptake is noted and at the end of the experiment 
the R Q obtamed varies fiom 1 2 to 1 9 At times a significant gas exchange 
was observed within the first half-hour of the experiment The theoretical 

TABLE 1 


Effect of inhibitors on the replacement of carbon dioxide by citric acid 


rVHIBITOH 

CONCENTRATION IN 

1 

POINT OP INHIBmOh 

1 

1 GROWTH 

1 

RESTING 

CELLS 

Growth 

expts 

Resting cell 
expts 

With 

out 

COi 

With 

1 CO t 

Oi 

COj 

evol 

\ed 


m\L 




i 

A 


Fluoride 

0 50 

0 0027 m 

Phosphoglyceric acid 

310 

320 

73 


Arsenite 

0 062 


a-Keto acids 

270 

210 



Monoiodoacetate 

0 031 

0 0027 M 

Dehj drogenases 

1 15 

120 

5 

29 

Bisulfite 

0 05 

0 0015 M 

cr-Keto acid 

Kl 

375 

307 

586 

No inhibitor 




380 

425 

1 




Growth experiments Results in terms of turbidity readings Each flask contained 
0 8 per cent KHjPOi, 0 4 per cent (NHdiSOi, 0 8 per cent glucose, and 10 per cent tap 
water (for inorganic ions) Total volume, 102 ml Temperature 30 C To this n ere 
added 2 ml of a 24-hour culture of A aerogenes Aeration time, 18 hours 

Manometnc experiments Total volume 2 3 ml Each cup contained 30 mg dry weight 
of lyophilized A aerogenes gronn on citrate medium, 0 5 ml of 0 025 ai sodium citrate, 0 5 
ml of 0 4 M POi buffer, pH 7 0, NaOH or H SO» plus various concentrations of inhibitors 
as shown in table Temperature, 30 4 C 

* Carbon dioxide was removed by passmg air through 30 per cent NaOH These tubes 
contained 0 5 mu sodium citrate 

t Aeration was with air containing the normal complement of CO To these tubes no 
citrate was added 

R Q for a-ketoglutanc acid is 2 0 (table 2) It is possible that the reason the 
R Q IS not higher is that a-ketoglutarate is attacked by the restmg cells even m 
the presence of eqmvalent amounts of bisulfite, although to a less extent than in 
its absence Oxalacetate, on the other hand, is attacked almost as readily in the 
presence as in the absence of this fixative The shght mcrease of COj evolution 
in the absence of bisulfite from oxalacetic acid is because of the attack on pyru- 
vate, ansmg from the decarboxylation of the former, probably for min g acetyl- 
methylcarbmol and CO 2 (Silverman and Werkman, 1940), or acetate and CO; 
In the presence of bisulfite, pyruvate is fixed The low value for oxygen uptake 
in the presence of NaHSOj and oxalacetate is not sigmficant smce the mitial step 
in the oxidation of the C4 labile acid mvolves no oxygen Objections to these 
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explanations cannot be raised since the spontaneous decarboxylation of ovilace 
tate IS the same m the presence and absence of bisulfite (indicatin- no fixation 
oHbe keto compound) and pyruvic acid is fixed in the presence of the koto fi^ 

These resists do not conflict with those of Brewer and Werkman (1939), since 
they reported the bi^Ifite inhibition of citrate breakdonm under anaerobic con 
ditioM only and made no mention as to the effect of this fixative aerobicalK 

Other carbonyl reagents were employed The results m table 2 clearh shon 
that senncarbazide HCl is the best of the keto fixatives tested, for m its presence 
a-ketoglutarate is scarcely attacked When this compound is added to citrate 



and nonprohferatmg cells, an R Q of 1 6 or higher is obtained If oxalacetate 
IS the initial mtermediate and it is fixed with the semicarbazide, thus leaving 
acetate as the only product to be attacked accorchng to the scheme presented bj 
Brewer and Werkman (1939) for citrate dissimilation, an R Q of 1 0 should be 
obtamed Further, acetate is not attacked by our strains of A aerogenes 
The manometnc results with bisulfite vaiy and the reason is not clear Parct- 
sky (1948) reported similar observations with bisulfite However, the fixative 
gave consistent results m a number of experiments to vahdate the data obtainc 
by its use In growth experiments uniform results are always ^obtained, i c , 
there is no replacement of CO 2 by citrate m the presence of XaHSOj 
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When the R Q for citrate was between 1 4 and 1 8 in the presence of bisul- 
fite or senucarbazide, anihne citrate was added at the end of the experiment and 
no COo was given oflf Anihne citrate decomposes oxalacetate to pjTuvate and 
carbon dioxide even m the presence of the foregomg fixatives The explanation, 
therefore, that citrate is not attacked m the presence of carbonyl reagents due to 
the bmdmg of oxalacetate cannot be accepted as vahd 

Ochoa (1948) describes a soluble pyridme protem enzyme of heart muscle that 
catalyzes the oxidation of isocitrate to oxalsuccmate, which m turn is decar- 

TABLE 2 

Oxidation of citrate a ketoglularate and oxalacetate in the preeence of keio fixatives 

SUBSTRATE 

Citrate j cr-Kctoglutaratc* | Oialacetatcf 


Inhibitor 



None 

NaHSOj 

NHiNHCONHi 

NH>OH HCl 

None 

NeHSOi 

i 

0 

0 

1 

5 

NlIiOlI IICI 

None 

NeHSOi 

5 

8 

s 

u 

q 

1 

Oxygen uptake 

199 

1 

150 

155 

111 

191 

100 

15 

49 

263 

111 

171 

41 

Kl 


2 

U1 













3 

307 













4 

214 











COi evolved, ;il 

236 

1 

■■ 

240 

140 

■ 

S3 

77 

19 

302 

630 

353 

133 



2 

■■ 



■ 










3 

580 



■ 










4 

303 



■ 








RQ 

1 20 

1 

m 

Avg 

1 60 

1 26 

1 30 

■ 

■■ 

■1 

2 99 

■ 

■■ 




2 

1 42 

1 51 




■ 


■ 


■ 


■ 



3 

m 





■ 


■ 


■ 

■ 

■ 



4 

1 1 43 





■ 

1^1 

■ 


■ 


■ 


Total volume of reactants 2 3 ml 0 047 m phosphate buffer pH 7 0 Bacterial suspensions were added at the rate 
of 30 mg dry weight per cup Temperature 30 4 C 

• 0 0054 m sodium atrate and a ketoglutarate respectively 0 0054 m concentration of inhibitors 
t 0 022 M oxalacetate and inhibitors respectively 


boxylated to a-ketoglutarate and CO 2 Oxalsuccmate may be an mtermediary 
m the oxidation of citrate by A aerogenes, but as yet there is no direct evidence 
If oxalsuccmate is formed and fixed by either bisulfite or senucarbazide, no CO* 
will be evolved smce the change from citrate to oxalsuccmate mvolves only a 
dehydrogenation, which should be observed m terms of an oxygen uptake It 
IS possible that as soon as the compound is fixed it is attacked and consequently 
not detectable 

The manometric results were similar to those obtained with bisulfite added to 
the culture medium containmg citnc acid or the various keto acids as substit- 
uents for CO* (table 3) This keto fixative completely mhibits the ability of 
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Citrate to replace carbou dio^de In the presence of NaHSO,, a-keto^lutarate 
IS not effective, whereas with oxalacetate, growth takes place in the prince of 
bisulfite These results show that citrate replaces CO, by first being com ertcd 
to a keto compound, probably a-ketoglutaric acid, and that oxalacetate u not 
the imtial product, at least m the process of replacing carbon dioxide If oxal- 
acetate were the intermediate, then citrate should replace COs m the presence ot 
bisulfite, smee the latter compound has no effect on the labile C4 dicarboxiltc 
acid The keto compound formed from citrate, probably by amination or tnns 
amination, replaces carbou dioxide 

The partial inhibition of the oxidation of citric acid by fluoride suggests that 
phosphate esters may play a role m its breakdown In growth experiments, 
however, fluonde is not effective (table 1), and this mdicates that no such esters 


TABLE 3 


Re-placement of carbon dtoxide m the presence of bisulfite 


COMPOITS'D JXPLACINC CASBO'^ DIOXIDE 

j CONCES 

1 TSATION 

1 

DlSDlflTE 

cosc 

t cio»in 

1 

1 Without 

I COi* 

WiOiCOit 


1 i 

1 rru 



Citrate 


— 

3S0 


Citrate 

0 50 1 

i 


I 20 

42a 

a-Ketoglutarate 

0 25 1 

— 

^ 300 j 

! 

a-Ketoglutarate 

0 25 

0 25 

0 j 

3u0 

Oxalacetate 

■El 

_ 1 



Oxalacetate 

9 

0 25 

■I 

200 


Results in terms of turbidity readings Each flask contained 0 8 per cent KlltPOi, 
0 4 per cent (NH 4 );:S 04, 0 8 per cent glucose, and 10 per cent tap water (for inorganic ions) 
Total volume 102 ml Temperature, 30 C To this were added 2 ml of a 24 hour culture 
of A aerogenes and the compounds as indicated m the table Aeration tune, 18 hours 
* Carbon dioxide was removed bj passing air through 30 per cent NaOH 
t Aeration was mth normal air, tubes did not contain any added compounds 


are mvolved on the partial breakdown of citrate for CO» replacement Mono- 
lodoacetete, on the other hand, mhibits the oxidation of citnc acid both m grow tli 
and restmg cell experiments This is expected if a-ketoglutarate is one of the 
im tinl compounds formed from citrate before the latter can replace carbon diox 
ide, m which case a dehydrogenation is involved Preventmg the dehj drogena- 
tion of isocitrate to oxalsuccmate to a-ketoglutarate would result m a loss 0 / tht 
abihty of citnc acid to replace carbon dioxide Agam, if oxalacetate is the initia^ 
product of the breakdown of citnc acid, it would replace CO-, thus permitting 

growth to occur m the presence or absence of monoiodoacetate 

Further evidence for an imtial dehydrogenation of citnc acid has ^cn 0 - 
tamed with pyrophosphate Adler et al (1939) found that isocitno dehidr^ 
genase is inhibited by pyrophosphate Slade and Werkman (1941) fou 








1949] 


CARBON DIOXIDE IN HETEROTROPHIC MET^OLISM 


585 


such inhibition with Streptococcus (Leuconostoc) paracitrovorus under anaerobic 
conditions, with citrate as the substrate Brewer and Werkman (1939) report 
some inhi bition with Aerobacter indologenes usmg 0 02 m NaiPsOr aerobically 
Under aerobiosis pyrophosphate completely inhibits the oxidation of citrate m 
the first three hours of the experiment 

A senes of orgamc acids structurally related to citric acid was tested mano- 
metncally with Aerobacter aerogenes to determme fermentabihty and abihty to 
replace CO 2 The acids tested were acomtic, tncarballyhc, citracomc, itacomc, 
and a-hydroxy-zso-butyric Of these, tncarballyhc and itacomc were not at- 
tacked Citracomc and a-hydroxy-zso-butync acid were oxidized slowly, 
whereas only a-hydroxy-iso-butync acid failed to substitute for carbon dioxide 

The behavior of acomtic acid is of mterest because of its structural relation- 
ship to citnc acid Whereas the cis form is both active m replacmg CO 2 and 
functiomng as a substrate in manometnc experiments, the trans form is com- 
pletely mactive Even as high a concentration as 4 mai will not replace carbon 
dioxide to any appreciable extent 

d-Keioglutanc acid — Arsemous oxide prevents the oxidative decarboxyla- 
tion of a-ketoglutanc acid and yet is only partially effective m preventmg this 
compound from replacing carbon dioxide The chief mechanism by which the 
keto acid replaces CO 2 may, however, mvolve a reaction other than an oxidative 
decarboxylation An oxidation may also be inxolved, particularly durmg the 
lag phase when the development of the organisms m the absence of CO 2 may 
depend upon hydrogen earners, mtermediately formed, e g , sucemate, fumarate, 
which would otherwise have to be formed from a synthesis mvolving atmosphenc 
carbon dioxide 

Experimental evidence has been obtamed that a-ketoglutaric acid replaces 
carbon dioxide by functiomng as a substrate for animation or transamination 
Adler et al (1938) state that suspensions of E coU form oxalacetic acid from 
a-ketoglutanc acid and aspartic acid, and that lactic acid bactena are capable of 
transamination, though less rapidly than E coli Noexperimentaldataaregiven 
Diczfalusy (1942) reported negative results m a more elaborate study On the 
other hand, Lichstem and Cohen (1945) showed a small but definite transaminase 
activity m E coh, which catalyzed the following reaction 

(1) L-glutamic acid + oxalacetic acid —* a-ketoglutaric acid + L-aspartic acid 

Diczfalusy’s (1942) failure to demonstrate transaminase activity m E coh in 
the case of the following reactions is understandable 

(2) L-aspartic acid + a-ketoglutanc acid —* L-glutamic acid + oxalacetic acid 

(3) a-Ketoglutanc acid -f L-alanine L-glutamic acid + pyruvic acid 

Since reactions 2 and 3 proceed slowly, the products will not accumulate in de- 
terminable quantities Evidence will be presented that these reactions do occur 
and furthermore that reaction 3 is involved m protem synthesis 

No giowth of A aerogenes occurs in a medium of 0 8 per cent KH 2 P 04 , 0 8 
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per cent glucose, and 10 per cent tap nater, nith no mtrogen source, m the nro^ 
ence or absence of carbon dioxide When alanine is added as a source ot nitro 
gen, still no growth is obtained m the absence of carbon dioxide Tlie additiou 
of a-ketoglutarate results in normal development Other ammo acids ec 
glycine, ^-alanine, and serine, also known to be deammated by .1 aeronaut, do’ 
not replace alanme a-Ketoglutaric acid alone— n ithout alanine or ammoimini 


T4BLE 4 


Replacement of carbon, dioxide by a-keloglulanc and tn the presence ofianous nitrogai jourcn 


ADDITIONS TO BASAL iCSOIUU 

CONCBVTttATIOS 

CROVmi IS THE Amts K 
or CQt 

No additions 

— 

0 

Ammonium sulfate 

0 4% 

10-15 

Ammonium sulfate 
a-Ketoglutano acid 

0 4% 

0 5 niM 

325 

PL- Alanine 

4 mu 

50 

PL- Alanme 

o-Ketoglutaric acid • 

4 mu 

0 5 mu 

125 

Glycine 

2 niM 

5-10 

Glycine 

a-Ketoglutaric acid 

2 mu 

0 5 mu 

10-20 

|3-Alamne 

2 mu 

10 

P-Alanine 

a-Ketoglutanc acid 

2 mu 

0 5 mu 

30 

PL-Senne 

4 mu 

25 

DL-Serine 

a-Ketoglutanc acid 

4 mu 

0 5 mu 

35 

The basal medium contained 0 8 per cent KH.POt, 0 8 per cent glucose, 10 per cCiit 


tap water (for inorganic ions), made up to 100 ml with distilled water 

To this were added the various compounds listed plus 1 ml of a 24 hour culture of I 
aerogenea It was aerated with CO.-free water for 18 hours at 30 C, grow th was expri. ^cJ 
in terms of turbidimetnc readings on the photoelectric colorimeter using COO him dlltr 

sulfate — wall not support growth (table 4) It may be concluded that the bosii- 
mechamsm responsible for protem synthesis or growth m the absence of CO. is a 
transammation reaction between a-ketoglutarate and alanme or an ainmation 
reaction of this a-keto acid to yield glutamic acid, which m turn has a \crj signii- 
icant function m replacmg CO- However, the ammonia given off b> glycine, 
/3-alamne, or senne apparently cannot be utilized for the direct amin Uioii o 
a-ketoglutanc acid .-Unmonium sulfate must constitute the nitrogen source 
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Manometnc experiments have been conducted to show indirectly that am- 
monium sulfate can be utihzed for the ammation of a-ketoglutarate and that 
A aerogenes can cause a transammation between this keto acid and some ammo 
acids m the presence or absence of arsenious oxide 
The method employed is based upon the fact that less residual a-ketoglutarate 
IS left after a given mcubation period m the presence of cells, ammonium sulfate, 
or a potential transammatmg ammo acid than without these additions Arse- 
nious oxide IS also added with a twofold purpose (1) to prevent the oxidative 

TABLE 5 


Evidence for animation and transamination by A aerogenes in the presence of AsiOa as 
measured by residual a-ketoglutanc acid 


ADDITIONS TO a EZTOCLUTA&IC ACID 

7INAL CONCENTaATlON 

a EETOGLDTA3UC ACID BESIDUAL, 
UEASUBED AS fA COa EVOLVED OK 
ADDITION OP CEBIC SDLPATE AT 

END OP EXTEBIMENT 

Experiment 1 

Experiment 2 

Arsenious oxide 

0 0011 M 

201 

205 

Arsenious oxide 

DL-Alanme 

0 0011 u 

0 0044 M 

184 

199 

Arsenious oxide 

Di/-Aspartic acid 

0 0011 M 

0 0044 m 

143 

143 

Arsenious oxide 

Ammomum chloride 

0 0011 M 

0 0044 m 

90 

155 

Arsenious oxide 

Ammonium sulfate 

O 0011 M 

0 0044 M 

140 

153 


Total volume of reactants was 2 8 ml Each cup contained 30 mg (dry weight) A aero- 
genes, 0 5 ml of 0 2 M phosphate buffer, pH 7 0, 0 5 ml of 0 02 m a-Letoglutaric acid, and 
0 5 ml of neutralized arsenious oxide Temperature, 30 4 C 

At the end of the experiment, 0 3 ml of 12 n HjSOi were added to liberate bound COj 
Then 0 5 ml of saturated ceric sulfate were added to oxidatively decarboxylate a-keto- 
glutarate When the proper corrections are made for the oxidative decarboxylation of 
other keto acids that might have formed (e g , pyruvate from alanine) and when the proper 
controls are employed, the COj liberated on the addition of ceric sulfate becomes a measure 
for residual a-ketoglutaric acid 

decarboxylation of a-ketoglutarate, thus forcing the reaction m the desired direc- 
tion, and (2) to show that As^Os does not inhibit transammation (the explana- 
tion why both citrate and a-ketoglutarate replace CO 2 m its presence) The 
results obtamed with ammomum sulfate, DL-alanme, and DL-aspartic acid are 
shown m table 5 

To show that residual a-ketoglutarate is a valid measure of ammation (or 
transammation) large-scale experiments were set up, and the product of amma- 
tion was measured directly The results (table 6 ) obtamed clearly show a con- 
siderable inhibition of the oxidation of a-ketoglutarate by AS 2 O 3 and, further- 
more, that mcreased amounts of glutamic acid form m its presence 
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Ci dicarboxyhc acids The chief manner in which these acids act m replaLin 
carbon dioxide is by serving as precursors of oxalacetic acid (table 7) It th 
oxidation of succmate, fumarate, or malate is prevented by the addition of var- 
ious inhibitors, the bacteria fail to develop This inhibition can be rev ersed on 


TABLE 6 


Synthesis of glutamic acid by Acrobacter at.Togenes 



a XETOCLUTAWC ACID I 





CLCIVUIC ACID 


Ongiml coDc 

1 Oi>gen uptake 




1 


With arsenious oxide 

0 0176 M 

' 1,420 

' 24 

Without arsemous oxide 

0 0176 M 

a, ISO 

1 


Each flask contained 300 mg (dry weight) of cells, 5 ml of 0 1 M ammonium sulfatu 
5 ml of 0 005 ii AsjOi, and 5 ml of phosphate buffer, pH 7 4 Final volume, 30 ml terobic 
Time, 2 5 hours, temperature, 30 4 C 


TABLE 7 


Mechanism of carbon dioxide re-placement by dtcarboxyltc acids 


Ci Acm ADDED 

‘ CONC 

) 

1 

rvBifilxos 

COSC Of 
IKHtOlTOK 

! csowrn is 

1 _ _ _ 

cRoiATU (ima t) 

I caowni LV I’-M in) of 
! ADOiTiot or 

1 

Absence 

olCOi 

Presence 
of CO„ no 
Cl nad 

m 

OxoUce 

ute 

Co. 


1 

1 mU 





j 


nu 

A. 

1 








Succinate 

1 ' 

lodo- 

0 031 mM 

35 

1 




Fumarate 


ace- 


13 

j 170 1 




Malate 

1 1 

tate 


10 


1 140 

270 

1 

Oxalacetate 

1 

i 

1 

1 

145 

1 




B 


1 



1 




Fumarate 

' 1 

Cyclo- 

0 25% 

45 


150 

150 

0 

Succinate 

1 1 

hexa- 


65 

100 




Alalate 

1 

nol 


185 





Oxalacetate 

1 ^ 



190 

1 



— 


Eesults are in terms of turbidity readings 0-30 indicates no growth due to the added 
compound Total volume, 101 ml Temperature, 30 C Basal medium consisted o( 
0 S per cent KH^PO^, 0 4 per cent (NHdiSO., 10 per cent tap water Time of aeration, 


A° B^al medium plus 0 4 per cent glucose, 1 0 ml of a 24 hour culture of A acrojinis 
B Basal medium plus 0 2 per cent glucose, 0 5 ml of a 24 hour culture of the organuni 


the addition of carbon dioxide or oxalacetate, an observation that may ht d 
to support a role of the Szent-Gyorgyi cycle in bacterial respiration, it feast ui 
the direction of oxidation If the cycle operates, the minion ot aiii one o 
the hv dro-en earners should prevent respiration of the cells 1 his . as oun it 
be the case When cyclohexanol disturbs the fuxnarte-malatc tquiliDrmiii, 
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growth takes place on the addition of oxalacetate Similarly, the C4 labile 
dicarboxyhc acid can reverse the inhibition obtained with lodoacetate on malate 
The results with succinate are indirect since no inhibitor has yet been found 
that is effective agamst succmate dehydrogenase of mtact cells 

Aspartic and glutamic acids Both of these ammo acids replace carbon diox- 
ide by acting as precursors of some of the constituents of the Krebs cycle A 
difference, however, exists Whereas aspartic acid functions merely as a source 
of fumarate, the function of glutamic acid is to supply a-ketoglutaric acid as weU 
as to serve as an ammo acid, which would otherwise have to be S3mthesized be- 
fore growth could take place For example, cyclohexanol m addition to affect- 
ing the fumarate-malate equihbrium also prevents the deammation of aspartic 


TABLE 8 

Action of cyclohexanol upon glutamic and aspartic acids 


COMPOUND 

UANOUETMC DATA* 

AMMONIA PSO> 
DDCED 

GXOWTH £XP£ai 
MXNTSt 

With cyclohexanol 

Without cyclo 
hexanol ; 

With 

cyclo 

! 

Without 

cyclo 


Without 

cyclo 

COi 

evolved 

Oa 

Utilized 

COj 

evolved 

Ox 

utilized 


A 

A 

A 

A 


MfN 



Aspartic acid 

-9 

-14 

402 


18 

200 

3 

200 

Glutamic acid 

0 

-18 

522 


7 

263 

100 

350 

Glucose 

431 

302 

521 

540 




1 

1 


* Total volume of reactanta 2 8 ml The following additions were made in the ma- 
nometer cup 30 mg lyophilized A aerogenes, 0 5 ml of 0 05 m Dli-aspartic acid (or 0 5 ml 
of 0 025 M D glutamic acid or 0 5 ml of 0 025 u glucose), 1 ml of a 1 50 dilution of cyclo- 
hexanol, 0 5 ml of 0 4 m phosphate buffer of pH 7 0 Alkali or acid in the respective cups 
Temperature, 30 4 C 

t Results in terms of turbidity readings, 0 indicates no growth Total volume 101 ml 
containing basal medium plus 0 8 per cent glucose, 1 mu of either n-glutamate or 2 mu of 
Dir-aspartate, 0 2 per cent cyclohexanol, 1 ml of a 24-hour inoculum of A aerogenes Tem- 
perature, 30 C Incubation time, 18 hours Aerated with COs free air In the presence 
of CO , 0 2 per cent cylcohexanol showed no inhibition of growth 

and glutamic acids (table 8) by nonprohferatmg lyophihzed cells of A aerogenes 
When suitable amounts of this inhibitor are added to cultures m which aspartate 
or glutamate functions as a carbon dioxide replacement compound, growth is 
completely inhibited m the case of aspartic acid and only partially prevented m 
the presence of glutamate 

Cyclohexanol is of mterest m that m almost all cases its addition to cells of 
A aerogenes mcubated with ammo acids results m a decrease m the oxygen up- 
take below that of the endogenous respiration m the presence of cyclohexanol 
mcubated with glucose There was no poisoning effect for the first 30 to 60 
mmutes, then a considerable reduction m gas exchange took place Similar re- 
sults were obtained with arsemous oxide When ammo acids served as sub- 
strate, the mhibition with cyclohexanol was immediate The inhibition of deam- 
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mation (and oxidation) found when the bacteria are incubated with aspartic or 
glutamic acid is, therefore, not a general poisoning of the cells 
Asparagine and glutamine Both of these compounds replace CO 2 through 
their respective ammo acids Mcllwam et al (1948) synthesized a compound 


TABLE 9 


The effect of inhibitors on the re-placement of CO^ h-y glutamine and asparagine 


SUBSTHATE 

UfaZBlTIOV 

cose OF IXmBlTOS. 1 

CaoWTH 

aESTINO CELLS 





Of 

uptake ; 

COf 
evoh cd 



mil j 


1 1 


ij j 

Hi 

Glutamme 

7 -Glutamylhydrazine 

0 125 I 

0 0054 ii 

10 

100 

17 

33 

Glutamine 

— 

1 

— 

mm 

400 

368 


Asparagine 

0-Aspartylhydrazme 

0 125 

0 0054 m 

mm 

125 

10 

26 

Asparagme 

1 

1 1 

— 

19 

300 

245 



Growth experiments Results are in terms of turbidity readings Each flask contained 

0 S per cent KHiPOt, 0 4 per cent (NH<)iS 04 , 0 8 per cent glucose, and 10 per cent tap 
water (for inorganic ions) Total volume, 101 ml Temperature, 30 C To this was added 

1 ml of a 24-hour culture of A aerogenes Aeration time, 18 hours 

Manometric experiments Total volume 2 3 ml Each cup contained 30 mg dry weight 
of lyophilized A aerogenes, 0 5 ml of 0 025 u glutamate or asparagme, 0 5 ml of 0 4 a 
TOi buffer, pH 7 0, NaOH or HjSOi plus various concentrations of inhibitors as shown 
m table Temperature, 30 4 C 

• Carbon dioxide removed by passing air tbiougb 30 per cent NaOH These tubes 
contained 0 125 mii glutamme or asparagme 

t Aeration with air containing normal complement of COj These tubes contained the 
inhibitors but no substrate other than basal medium 


that inhibited the liberation of ammoma from glutamme accordmg to the follow- 
ing equation 


NH,C0CH2CH2CH(NH2)C00H 

glutamme 


C 0 OHCH 2 CH 2 CH(lSIHj) CO OH 
glutamic acid 


inhibited by 

NH:NHCO CH 2 CH 2 CH(NH 2 ) COOH 

7 -glutamylhydrazme 

Similarly ^-aspartylhydrazme prevents the deamidation of aspartic acid 
When these inhibitors are added to cultures m which glutamine or asparagme 
replaces carbon dioxide, no growth is obtamed It can, therefore, be as^ed 
that the amides of the dicarboxyhc ammo acids function m * J 

vieldmg their respective ammo acids (table 9) Manometncally, the oxidation 
of both glutamme and asparagme is inhibited by their hydra 2 anes 

DISCUSSION 

The evidence pomts to an orderly manner m wl^h the 
lous compounds for carbon dioxide takes place The results show that the com 
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pounds replacing CO2 must arise from one or two fixation reactions involving a 
C3 and Cl addition oi a C4 and Ci addition in which the Ci compound is caibon 
dioxide The C4 or the Cs compounds thus formed are essential for the growth 
of heteroti ophic bacteria In the absence of the gas, the C4 or Cb compound must 
be supplied to the cells before growth occurs The essential C4 and C5 com- 
pounds appear to be oxalacetic and a-ketoglutaric acids, respectively 

It IS tempting to assume that citric acid replaces CO2 by yielding a-ketoglutar- 
ate No direct evidence has yet been obtained Howevei, from our data it 
cannot be concluded that the initial breakdown products of citrate are oxalace- 
tate and acetate, although the oxalacetic acid thus formed could replace CO2 
If the C4 labile dicarboxylic acid was one of the initial breakdown products durmg 
the oxidation of citrate, then several conditions should be met First, bisulfite 
should not inhibit the replacement of CO2 by citric acid smce oxalacetate con- 
tinues to function as a carbon dioxide substituent even m the presence of this 
keto fixative The replacement of CO2 by a-ketoglutarate m the presence of 
bisulfite IS completely inhibited Second, monoiodoacetate completely inhibits 
citric acid from replacmg carbon dioxide If oxalacetate is the mtermediate 
through which citrate functions m replacing CO2, the lodoacetate should not m- 
terfere On the other hand, if a 5 -carbon keto acid is one of the initial break- 
down products, a dehydrogenation is involved and monoiodoacetate should, 
theoretically at least, mhibit the function of citric acid m replacmg CO2 Fur- 
ther, if oxalacetate is an mitial breakdown product of the Cb acid and it is bound 
by bisulfite, then on the addition of aniline citrate, CO2 should evolve No 
such gas evolution was obtamed when citrate was bemg slowly oxidized in the 
presence of NaHSOj 

Evidence for an imtial dehydrogenation of citrate has been obtamed mano- 
metrically by the use of pyrophosphate, which inhibits isocitnc dehydrogenase 
In its presence, citrate is not attacked for the first three hours of the experiment, 
indicating that aerobically at least an imtial dehydrogenation is involved durmg 
citrate oxidation 

a-Ketoglutaric acid replaces CO2 by servmg as a substrate for animation or 
transamination Evidence that a transammation is mvolved m mitiatmg growth 
in systems completely devoid of CO2 is presented m the experimental section 

The C4 dicarboxyhc acids replace carbon dioxide by functioning as precursors 
of oxalacetate Support of the premise that any of the four dicarboxyhc acids 
may function m the absence of CO2 as a hydrogen carrier is mdicated by the 
resumption of growth on the addition of oxalacetate after multiphcation has been 
stopped by the inhibition of any one of the C4 acids 

The ammo acids function in the absence of carbon dioxide by either yielding 
C4 dicarboxyhc acids or servmg as compounds that would normally be formed 
durmg the metabolism of the cell For example, aspartic acid serves solely as a 
source of fumarate, whereas the function of glutamate is apparently twofold 
First, it yields a-ketoglutaric acid, and, secondly, it serves as an essential ammo 
acid whose formation would depend upon the presence of atmospheric carbon 
dioxide 
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The criticism may be offered that if growth is prevented because of the inhibi- 
tion of any one compound that replaces CO2, the same inhibition should result 
when a given mhibitor is added to a culture that is aerated with normal air For 
example, if bisulfite binds a-ketoglutarate and consequently prevents the latter 
from replacmg CO2, should not bisulfite also inhibit the growth of the orgamsms 
m the presence of carbon dioxide? Several explanations may be offered First, 
m normal metabohsm, e g , m the presence of CO2, more of the keto acid may form 
than the amount of NaHSOs present m the medium, and consequently groivth 
will not be inhibited This is substantiated since large concentrations of the 
keto fixative will inhibit the development of the bactena both in the presence and 
absence of carbon dioxide Secondly, m the absence of CO2 we deal with a 
controlled metabohsm,” e g , growth will or will not occur dependmg upon the 
presence or absence of one compound, and the inhibition of the action of that 
compound results m an mhibition of growth In the presence of CO2, alternate 
mechanisms may operate, and, whena-ketoglutarate, for example, is blocked, the 
organism may use a different compound whose function is independent of keto 
fixatives m the medium 

Evidence that those compounds do not function simply as sources of CO2 has 
been given m a previous pubhcation (Ajl and Workman, 1948) 


StJMMAHT 

All compounds replacing CO2 function by yielding keto acids, which m turn 
by amination, transamination, or similar reactions serve as substituents for 
carbon dioxide 
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In an effort to obtam a clearer understanding of the relationship between 
luminescence m bactena and the metabohc processes concerned with growth, 
attempts have been made to mduce and recover biochemical mutants that would 
affect these two systems differentially Smce Beadle and Tatum (1945) have 
clearly shown m their mvestigations on the mold Neurospora crassa that it is 
possible by mutation to block at specific pomts the S 3 mthesis of factors required 
for growth, it seemed hkely that such an approach to a study of the luminescent 
reaction would yield fruitful results Attempts have been made, therefore, to 
obtam specific biochemical mutants m the lummous bactenum, Achromobader 
fischeri However, it was found that the rate of mduction of biochemical 
mutants was very low m these bactena, even after treatment with such mutagemc 
agents as X-rays, ultraviolet, and mtrogen mustard Consequently the search 
for specific biochemical mutants was greatly impeded Results that have 
recently been obtamed throw hght on the vanous factors mvolved m the recovery 
of biochemical mutants m these organisms and appear to be of general mterest 

EXPERIMENTAL PROCEDURES AND RESULTS 

The salt water bactenum Achromobacter fischen was grown on a complete agar 
medium for 18 hours at 23 C Pnor to the exposure of the cells to a mutagemc 
agent they were removed from the agar surface by a platmum loop and suspended 
m a minim al medium that has been previously descnbed (McElroy and Farghaly, 
1948) Exposure of the cells to ultraviolet hght was made by placmg 5 to 10 ml 
of the suspension m a sterile quartz flask at a distance of 24 mches from a 15-watt 
Westmghouse “stenlamp,” operatmg at 110 volts The quartz flask, suspended 
at a 45° angle, was rotated at 100 revolutions per mmute to ensure an even 
distnbution of the irradiation Sterile samples of the irradiated suspension were 
removed at defimte mtervals, diluted, and streaked immediately onto complete 
agar plates Preliminary experiments had mdicated that it was necessary to 
dilute the treated sample immediately, smce longer contact with the irradiated 
minim al medium rapidly killed all cells The agar plates on which the bactena 
had been streaked were mcubated for 48 hours at 23 C Subsequently, smgle 
colony isolations were made on complete agar slants and were tested for their 
abihty to grow m the minimal medium The specific growth requirements of 
those that faded to grow were then determmed m the usual manner (see Beadle 
and Tatum, 1945) The requirements for growth of the wdd-type organism at 
23 C are relatively simple and are met by supplymg an morgamc mtrogen source 

1 Supported m part by a grant from the National Institute of Health 
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(NH 4 NO 3 ), a carbon source (glycerol), 3 per cent NaCl, and the usual moreamc 
elements (Doudoroff, 1942, McElroy and Farghaly, 1948) At higher temper- 
atures, however, supplementation with hydrolyzed casern or a mixture of ammo 
acids IS necessary for growth (Anderson, 1948) Growth as weU as luminescence 
13 normal on the medium descnbed 

For treatment mth the mtrogen mustard hrs-beta-chloroethylmethylamme, the 
latter was added to the bacterial suspension descnbed above At the appro- 
priate tunes samples were removed, diluted, and streaked on complete agar 
plates In the experiments reported, the usual tune of treatment of the bacterial 
cells was 15 mmutes, however, m some cases, with low concentrations of the 
mtrogen mustard, the time was extended as long as 30 mmutes Several different 
concentrations of the mtrogen mustard rangmg from 0 01 to 0 1 per cent have 
been employed With these concentrations and for a IS-mmute exposure, the 
number of survivors vanes from approximately 15 per cent to 0 01 per cent 
However, there was very httle difference m the rate of mduction of biochemical 
mutants for the vanous concentrations of the mtrogen mustard In addition to 
streakmg out the bactena immediately after treatment with the mutagemc 
agent, a liquid complete medium was moculated with the treated suspension and 
mcubated at 23 C for vanous penods of tune (6 to 18 hours) After growth the 
bacteria were streaked on complete agar plates, and the colomes that developed 
were isolated and tested A summary of the results of several experiments is 
presented m table 1 Although there was an mcrease m the number of recover- 
able biochemical mutants m the treated senes, it was evident that the rate is 
qmte low when compared with those found by other mvestigators usmg the same 
agents on other orgamsms In the experiments summarized m table 1 the sur- 
vivals amounted to 1 per cent or less of the onginal population A much higher 
frequency of biocheimcal mutants usually occurs m this range of killmg m both 
molds and bacteria (see Tatum, 1946) and we have routmely obtained 2 per cent 
of biochenucal mutants m Neurospora It was also apparent that neither 
varymg the mtensity of the mutagemc agent nor mcubation in the complete 
medium mcreased the number of recoverable mutants m a given population 

From the studies reported above, it was evident that the mcrease in the 
mutation rate was so low that the search for specific mutants affectmg both 
growth and lummescence would be a tedious process The layer techmque 
reported by Lederberg and Tatum (1945) was not feasible, smce under the pre- 
vaihng cultural conditions the mutant cells are selectively killed A modification 
of this°method, sunilar to the cup assay for pemcilhn, proved to be more successful 
and allowed large numbers of colomes to be rapidly screened for mutants How- 
ever, it was apparent that, even with this method, ngorous control of the bac- 
tenal density on the plate was necessary for the complete recovery of all mutants 
In this technique the treated bactenal suspension was streaked upon a nunimal 
medium agar plate (150 mm by 15 mm, 40 ml medium) and after 48 hours of 
mcubation the colomes (wild type) that had developed were marked with a stei^e 
glass needle Sterile glass cups were then placed on the surface of the agar plato 
to which 2 ml of a concentrated (2X) complete medium were added Presumab y 
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all colonies that appeared subsequently should be biochenucal mutants Pre- 
liminary tests, in which known mutants were streaked on the minimal medium 
agar plates, indicated that such mutants develop following the addition of the 
complete medium, even after 7 days of incubation The results from expen- 
ments designed to test the recovery of mutants from a known mixture indicated 

TABLE 1 


Induclion of mutations by ultraviolet irradiation and by nitrogen mustaid 


TEtATUENT | 

1 

NUUDEE OP ISO- 
1 LATIONS 

[ i 

BIOC&EillCVL 

ItUTAJJTS 

TEE CENT inJ 
TATION 

None 1 

1 6,520 

3 

' 0 04 

N-> mustard 0 025% immediate j 

1 1,55S 

1 

1 0 06 

Na mustard 0 025% delayed 18 hi 1 

! 2,571 

o 

O 

I 0 12 

Ultraviolet immediate 

1,707 

3 

1 0 17 

Ultraviolet delayed 18 hr 

1,251 

2 

1 0 16 

Na mustard 0 025% delayed cold treatment 

1,193 

12 (27) 

1 1 0 (2 26) 


Descriptions of the various techniques are given in the text The biochemical mutants 
identified include those that require the following substances for growth trvptophan (3), 
glutamic acid (4), aspartic acid (2), arginme (2), proline, histidine (4), guanylic acid, 
leucine, phenylalanine plus tyrosine, tyrosine, p-aminobenzoic acid, lysine, essential 
amino acid mixture, and hydrolyzed casern The requirements of the mutants indicated in 
parentheses in the last row have not been completely identified “Immediate” and 
“delayed” refer to the time of streaking of the treated bacteria When “delayed,” the 
treated bacteria were grown in a complete medium for 18 hours See text for details 


TABLE 2 

Recovery of biochemical mutants 


NUUBEE COLONIES PEE PLATE 

1 TOTAL ISOLATIONS 

EATIO IVIIJ) TiPE TO ITUTANT 

100-75 

250 

10 1 

75-50 

350 

5 7 1 

50-25 

225 

4 0 1 

25-10 

150 

1 8 1 

<10 

125 

1 1 


A suspension of the wild type and an arginineless mutant was made in the minimal 
medium so that the ratio of wild type to mutant form was 1 to 1 The mixture was streaked 
immediately and the frequency of the two types recovered was determined Therelation- 
ship between the number of colonies per plate and the recovery of mutants is shown 


that the density of colonies on the plate markedly influenced the growth and 
viabihty of both mutant and wild-type orgamsms 

In the expeiiments reported in table 2, suspensions of the wild t 3 q)e and an 
argimneless mutant, m the minimal medium, were mixed so that the ratio of the 
wild tjqie to mutant form was 1 to 1 The mixture was streaked immediately, 
and the frequency of the two t 3 q)es recovered was detenruned as descnbed above 
All colomes were subsequently tested on the minim al hquid medium Only 
those plates with well-isolated colonies were mcluded in the experiment The 
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identity of the apparent mutants recovered was confirmed by testing the ability 
to grow on the minimal medium supplemented with arginine Complete re- 
covery of the mutant type was obtained only if there weie 10 or fewer well 
isolated colonies per plate With mcieasmg colony density the ratio of wild 
type to mutant inci eased rapidly By adding complete medium immediately 
after platmg the mixture, it was possible to recover the expected number of 
mutants, a fact mdicatmg that metabohc products of the wild-type growth were 
kiUing the mutants when httle or no cell multiplication was taking place m the 
latter A change of initial pH, or of the phosphate buffer concentration, or the 
addition of CaCOj in varymg concentrations failed to influence in any marked 
degree the ratio of recovery on the more densely populated plates (25 to 75 
colonies per plate) 

In an effort to determine whether wild-type cells selectively inactivate mutants 
under conditions where relatively httle cell multiplication occurs, a mixture of 
an aspartic acid mutant with the wild type m minimal medium was stored at 8 C 
At the end of G days of cold incubation, the ratio of wild type to mutant was 
determined Under these conditions it appeared that the mutant possessed a 
greater survival value than did the wild type, smce now the ratio of wold type to 
mutant was decreased Since Fnes (1948) had already descnbed a selection 
for Ophiostoma mutants m “starvmg cultures,” it was of some importance to 
repeat the experiment just descnbed, to determine whether or not a sunilar 
selection was occurring under these conditions of cold A mixture of an aspartic 
acid mutant and the wild type was made in the mmimal medium, so that 20 per 
cent of the viable cells were mutants This suspension was placed at 8 C, and 
samples were removed at 3-day mtervals, diluted, and streaked on complete 
medium agar plates Three hundred isolations were made for each 3-day 
interval The ratio of mutants to wild type was determmed, the mutants being 
tested not only for their mabihty to grow on minimal medium, but also for their 
ability to use aspartic acid as the sole growth requirement The results of this 
particular experiment are shown in figure 1 Also shown on the graph are the 
results obtamed by mcubatmg the mixture on complete medium at 8 0 On 
complete medium there was relatively httle change m the onginal ratio of mutant 
to wild type, whereas m minimal medium the mutant exhibited a marked selec- 
tive advantage Plate counts made during the mterval mdicated that the 
number of viable organisms decreased rapidly with mcubation time in both 
mmimal and complete media 

An mterestmg observation was made dunng the identification of mutants m 
the foregomg experunents After 3 or more days of cold mcubation m the mini- 
mal medium, a certam percentage of the isolates failed to grow when the minimal 
medium was supplemented with aspartic acid These were therefore mitially 
classified as biochenucal mutants However, these mutants fail to remain 
stable but revert to the wild type after 2 to 3 transfers on the complete medium 
In figure 2 the results of a similar selection experunent usmg a tiyptophan- 
requirmg mutant are recorded, givmg the results of the apparent ° 

mutants obtamed when the mitial isolations were made and tested When e 
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bacteria were streaked out munediately after mixing, those isolates that faded 
to grow on the minimal medium mvanably turned out to be stable mutations of 
the origmal t 3 T)e used, i e , they required tryptophan for growth However, 
with subsequent mcubation m the cold there appeared, upon isolation and testmg, 



TIME -DAYS 

Figure 1 Cold treatment and recovery of biochemical mutants The wild type and an 
aspartic acid mutant were mixed in a minimal medium and the suspension was placed at 
8 C -4.t various intervals of tune samples were removed, and the ratio of mutant to wild- 
type cells was determined, as well as the number of viable cells The sohd curves illustrate 
the change m recovery with tune on the two types of medium The dotted curve illustrates 
the change in the number of viable organisms See text for detail 



TIME DAYS 

Figure 3 Recovery of apparent and true mutants after cold treatment See figure *1 
and text for details A tryptophan mutant was used m this experiment 

a large number of organisms that failed to grow not only on the mmimal medium 
when first transferred, but also on the minimal medium supplemented with 
tryptophan After a few transfers (usually 2 to 3) on the complete medium, 
these particular organisms regamed their wild-type growth characteristics 
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This loss of the ability of the wld-type organisms to grow on the minimal 
medium could be shown by mcubatmg a suspension m the mmimal medium for 
6 to 10 days at 8 C, and then streakmg on mmimal medium agar plates as 
described previously On most plates a few colomes then developed, however 
upon addmg complete medium by means of the cup method an additional large 
number of organisms appeared The majority of the latter isolates grew on the 
mmimal medium when subsequently tested, however, a smaU percentage (2 to 5 
per cent) did not revert to the wild-type requirements until after 2 to 3 transfers 
on the complete medium These results suggest that the ivild-type organism 
under these conditions loses certam essential growth components from the cells 
by diffusion This view is supported by the fact that the higher the density of 
the suspension, the less rapid is the conversion of the wild-type cells to the 
“apparent mutant” state The ability to synthesize these diffusible components 
IS regamed only by transfer to a complete medium Several stages of mstabihty 
and finally irreversible mactivation of metabolic function are mdicated by the 
results The small percentage of strains that require several transfers on the 
complete medium before regaming the abihty to grow on the mmimal medium 
are usually slow in developmg even on the complete medium Apparently the 
factors m the complete medium that allow growth are rapidly lost when the 
organisms are moculated m the minimal medium It is also mteresting that the 
lummescence of these cultures is lower durmg the slow developmental period, 
however, upon complete reversion to the wild-type growth charactenstics, the 
hght mtensity becomes normal agam 

In an effort to identify the components m the complete medium that are 
necessary for the growth of the “unstable mutants,” wild-type cells that have 
been incubated at 8 C were streaked on mmimal medium plates After 2 days 
of mcubation at 23 C, various components were then added to the plates by 
means of sterile cups A few colonies usually developed on plates to which a 
synthetic vitamm mixture or hydrolyzed yeast nucleic acid was added How- 
ever, the largest proportions of colomes developed on plates supplemented with 
hydrolyzed casein or the complete medium In a few isolated cases it was 
possible to obtain growth ivith only one component, but m the majority of cases 
a very complex nuxture was reqmred, it was not possible therefore to determine 
the frequency of cells with a specific requirement 

The foregomg results seem to explam partially why the mutant cells have a 
selective advantage over the wild-type organisms Apparently wild-type cells 
lose essential growth components much more rapidly than do mutant types and 
eventually reach a stage m which they have not only lost the ability to synthesize 
certam diffusible components present in the complete medium but have also 
become unable to regam the ability to rebuild nondiffusible components within 
the cell when placed on a complete medium This irreversible loss of synthetic 
abihty results m the death of the cell 

Smce It IS possible to mcrease the percentage of mutants in a given popihation 
by the cold mcubation techmque, this procedure has been used in several different 
expenments After treating the wild-type organisms suspended in the minima 
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medium with 0 025 per cent mtiogen mustard foi 15 nunutes, the bacteria were 
moculated mto complete medium and allowed to grow for 18 hours They were 
then centrifuged and resuspended m the minimal medium and placed at 8 C 
After 9 days of incubation the bacteria were streaked on complete medium, and 
smgle colony isolations were made Subsequently these cultures were tested 
for their ability to grow on the mmimal medium, and those that failed to grow 
were retested m the usual manner to determme their biochemical requirements 
Under the conditions described above, it has been possible to mcrease the ap- 
parent mutation rate over 20 times above that of the untreated control The 
results are summarized m table 1 From 1,193 isolations, 27 strams with different 
growth requirements from those of the wdd type have been obtamed By using 
the cold mcubation technique it has been possible to obtam biochemical mutants 
that have not been previously observed m this organism 

DISCUSSION 

The results of the present mvestigation demonstrate that under nutritional 
conditions just sufficient to support the normal, wild-type strain and at temper- 
atures at which metabolic activity is low, there is a selective advantage favormg 
strams that have more exacting growth requirements Such selection may be 
explamed as due to a greater loss of essential nutrients from the wild-t 3 TDe cells, 
resulting ultimately in them death There is an mterval duimg the selection 
process m which the wild-type cells, although still viable (as shown by their 
abihty to grow on complete medium), fail to grow on the minimal medium 
Usually, however, after one transfer on complete medium they regain their 
ongmal wold-type growth charactenstics Although the wild-type organism can 
normally make those components m the complete medium necessary to this 
recovery, certam systems are apparently unstable m the absence of their specific 
substrates, which are presumably lost by diffusion durmg the cold mcubation in 
the mmimal medium The fact that the frequency of loss of the synthetic abihty 
of the cells is mversely proportional to the suspension density supports the idea 
that certain stabihzmg components are lost The results are m some respects 
analogous to those that have been reported by Sonneborn (1946) for certam 
cjdoplasmic factors m Paramecium, and by Monod (1947), Spiegelman (1946), 
and others for adaptive enzymes Sonneborn, for example, has shown that, 
although certam cytoplasmic factors depend upon specific genes for then mam- 
tenance and mcrease, the genes cannot mitiate the synthesis unless the cyto- 
plasmic factors are present He has considered these cytoplasmic factors as 
primers that are necessary to start the gene system functionmg But unlike the 
systems postulated here, the cytoplasmic factors (kappa and antigens) thus far 
studied by Sonneborn and his coworkers are of such a nature that they presum- 
ably fail to diffuse through the ceU membrane On the other hand, the studies 
on adaptive enzymes by Spiegehnan and others have shown that a diffusible 
substrate is essential for the mamtenance of certam enzyme systems In these 
studies, however, consideration has been given only to what have been termed 
adaptive enzymes Since several mvestigators (see Monod, 1947) have pie- 
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seated arguments m favor of the concept that the synthesis and stabihzation of 
constitutive and adaptive enzymes are fundamentaUy the same, it is not al- 
together unlikely that deficiencies of constitutive enzymes might be obtained by 
the loss of naturally occurrmg substrates The results reported m the present 
experiments support such an mterpretation and therefore suggest that the resjni 
thesis or stabihzation of constitutive enzymes may require the presence of a 
substrate Obviously, it is to be expected that losses from the cell might occur 
that could not be reconstituted by diffusible components m the complete medium 
Under these conditions the cells would become inviable Analogous to the 
latter is the conversion of killers to sensitives m Paramecium by the loss of 
kappa 


SUMMARY 

Treatment of the lummous bacterium Achromohacier fischert with either ultra- 
violet irradiation or mtrogen mustard gave a relatively low biochemical mutation 
rate Several factors were shown to be important in recovering mutants 
With a mixture of the wild type and known mutant cells it was shown that plate 
density, cold mcubation, and the nutntional environment influenced greatly the 
recoveiy of the mutant cells Under nutntional conditions just sufficient to 
support the normal wild-t 3 T)e strain, and at temperatures at which metabohe 
activity IS low (8 C), there is a selective advantage favonng strams that have a 
more exactmg growth requirement Such selection appears to be due to a loss 
of essential nutnents from the wild-type cells With the cold mcubation tech- 
mque it was possible to mcrease the apparent mutation rate over 20 times 
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According to the theoretical formulation of Fenn (1921), based m part on the 
previous work of Tait (1918) and Rhumbler (1914), a decrease m free surface 
energy occurs when a particle is mgested by a phagocyte Mudd and Mudd 
(1933) offered experimental evidence m support of this concept m their elucida- 
tion of the role played by opsomns (and nonimmune serum) m promoting 
phagocytosis Bacteria m the presence of serum are more readily mgested 
because their surface energy is mcreased, and hence a greater decrease m energy 
results when they are phagocytosed An extensive discussion of this relation- 
ship IS found m the review of Mudd, McCutcheon, and Luck6 (1934) 
Theoretically, however, phagocytic activity should be subject to vanations 
ansmg from changes m surface energy, not only of the particles bemg mgested, 
but also of the phagocytic cells themselves Such changes have been suggested 
as the underlymg cause of the mcreased phagocytosis observed m the granulo- 
cytic leucocytes of anemic human bemgs (Berry, Davis, and Spies, 1945, Berry, 
Leyendecker, and Spies, 1947) and of rats made anemic by blood loss (Berry and 
Haller, 1947a) This may also explam the results of Gordon and Katsh (1949), 
who found that m adrenalectomized rats the splemc macrophages take up less 
thorotrast (a colloidal solution of thorium dioxide) than those m normal control 
animals, whereas mjections of adrenal cortical extract mcrease the macrophagic 
activity over that of controls Therefore, smce phagocytes are known to exhibit 
a variation m activity under conditions that appear to leave the particles un- 
changed, it IS possible that changes m surface energy are mvolved 

In order to test the validity of this hypothesis the effect of surface-active agents 
on the phagocytic function of neutrophihc granulocytes was investigated The 
results are described m this report and are offered as additional evidence for the 
validity of the Fenn theory of phagocytosis 

METHOD 

The phagocytic activity of blood neutrophiles was determmed by a modifi- 
cation of the zn vitro techmque of Boerner and Mudd (1935), which has been 
described m detail m previous pubhcations (Berry, Davis, and Spies, 1945, 
Berry, Leyendecker, and Spies, 1947) Whole blood is diluted with an equal 
volume of physiological solution of sodium chlonde contamed m a paraflBned test 
tube to which a measured volume of standardized bactenal suspension is added 
Coagulation is prevented either by the presence of heparm’* m the normal sahne 
or by defibrinatmg the blood The phagocytic mixture is agitated at 37 C for a 

1 Aided by a grant from the Madge Miller Research Fund of Bryn Mawr College 

’ Kindly supplied by Roche Organon, Inc , Nutley, New Jersey 
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fixed period of time, then smears are prepared and stained The final evaluation 
of phagocytic function was based, m early tests, on the average number of bac- 
teria mgested per neutrophile m 100 cells In later experiments, the percentage 
of neutrophiles showmg engulfment of one or more bactena was found by system- 
atically examinmg the entire smear When this was done, the percentage figure 
was calculated from a total number of cells that varied, from slide to slide, 
between 100 and 300 While the two methods gave comparable results, the per- 
centage of phagocytes active is theoretically preferable smce the size of the 
clumps of bactena loses significance (see discussion of this point m Berrv and 
Spies, 1949) 

Both human and mouse leucocytes were used in these studies Human blood 
was withdrawn from the cubital vem and defibrmated before use Mouse blood 
was obtamed either by decapitation or by sevenng the vessels m the axillary 
region It was collected in a parafiBned watch glass and transferred quickly by 
tuberculin S 3 mnge to the heparinized sahne contained m the tubes mentioned 
above 

Suspensions of 18-hour cultures of Mtcrococcus cand/idus served as test particles 
when the mean number of bactena per cell was found, and of Staphylococcus 
aureus when the percentage of cells active was determmed The density of the 
suspensions was standardized m a Coleman, model 11, spectrophotometer at 
650 mp 

The effect of surface-active agents on phagoc 3 rtosis was tested m several ways 
Sterile solutions contammg known concentrations by weight, made up m normal 
sahne, were used either directly as the blood diluent in the phagocytic tube or m 
preparing the suspensions of bacteria It was found that an incubation penod 
of 1 hour at 37 C in the presence of the detergent was suflScient to mfiuence 
phagocytosis In some mouse experiments, the solutions were mjected mtra- 
pentoneally, and the mice were bled at intervals follomng the injections This 
blood was used m the phagocytic tests wnthout bringing it again into contact 
with the detergent In all cases, the results were compared to those obtained 
for control samples 


RESULTS 

Screemng experiments vnth surface-active agents The effect of 52 different 
surface-active agents on the phagocytic activity of human neutrophiles was 
determined All solutions were prepared so as to give on final ddution a concen- 
tration of 0 0005, 0 00005, and 0 000005 per cent by weight Table 1 shows the 
average values of duphcate tests with the most active compounds of each type, 
arranged m decreasing order of effectiveness Certain nonionic and anionic 
detergents more than doubled the mean number of bactena engulfed per leuco- 
cyte, and the best catiomc surface-active agent was almost as effective (186 per 
cent) The probable errors mdicate that the vahdity of the results with these 
particular substances is good Of the remaming compounds, not shoivn in the 
table, some increased phagocytosis and others depressed it No effort was ma e 
m these prelimmary measurements to check the results imtially obtamed, nor 
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were additional concentrations tested The percentage of active ingredients 
vaiied from sample to sample, between 20 and 100 per cent, and some were 
unspecified Therefore, it is possible that some of the compounds might have 
been more active than the data indicate had a wider range of concentrations been 
tested Nevertheless, the mere fact that surface-active agents were found to 


TABLE 1 


Eijccl of certain surface active agents on phagocytic acitivity of human neutrophiles 



AVEILVCE KUUBER BACTERIA INGESTED PER NEDTROFHILB 

PER CENT INCREASE 


IN DETERGENT CONCENTRATION OF | 

OVER CONTROL 

DETEKGENT 
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0 0005% 
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0 000005% 
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A Nomonic Detergents 


Triton N-lOO 

6 19 ± 0 2 

4 75 db 0 2 

4 98 db 0 2 

2 47 ± 0 1 

248 

194 

202 

Tween 20 

5 64 ± 0 2 

4 95 ± 0 2 

4 64 ± 0 2 

2 54 ± 0 2 

222 

195 

183 

Polyethylene glycol 400 
monostearate 

6 21 ± 0 2 

5 92 ± 0 1 

3 99 ± 0 2 

3 25 ± 0 1 

191 

182 

123 

MPD— 1047 

3 78 db 0 2 

3 26 d: 0 3 

2 76 ± 0 2 

2 25 ± 0 1 

168 

145 

123 


1 Deoyl benzene Na- 
monosulfate 
Carbo\yinethyl cellu- 
lose 

Hydroabietyl Na-sul- 
fate 

Pinine substituted phe- 
nol Na sulfonate 
Dehydrogenated dipol- 
ymer Na-sulfonate 


B Anionic Detergents 


8 18 ± 0 2 


6 14 ± 0 2 

3 82 d: 0 2 

214 


160 

8 13 d= 0 2 


5 06 dz 0 2 

4 06 dz 0 2 

200 

150 

124 

4 59 d:: 0 2 


3 74 ± 0 1 

2 34 dz 0 1 

196 


160 

4 27 ± 0 2 



3 03 dz 0 2 

141 

168 



3 79 db 0 2 

3 18 ± 0 3 

2 56 dz 0 1 

168 

148 

124 


C Cationic Detergents 


Triton K 60 

m 
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131 

Surface active agent 
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132 
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MPD— 1046 



5 39 dz 0 1 


128 


138 


We are indebted to various companies for a generous supply of the compounds tested 


have a profound effect on phagocytosis was sufficient for the purposes of this 
mvestigation 

No correlation existed between the pH of the deteigent solutions and their 
influence on phagoc 3 d;es The hydiogen ion concentrations were measured with 
a Leeds and Northrop pH meter, usmg a glass electrode ^ 

In vitro effect of “triton” N-lOO on •phagocytosis This compound was selected 

* We wish to thank Miss Barbara Bunce for these determinations 
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for adchtional study since it gave the largest increase m phagocytosis of thnw 
tested (table 1) For these experiments, and all those subsequently reported the 
percentage of active phagocytes was detemuned with Staphylococcus aurm as 
the test orgasm Each smear was counted without knowledge of the ongm of 
the sh J This was done to ehmmate the possibihty of an unconscious bias on 
the part of the experimenter Duplicate counts checked withm 1 to 2 per cent 
Figure 1 shows the results with human blood, usmg a senes of bacterial 
densities, as mdicated by spectrophotometnc rea^ngs The neutrophiles are 
much more active after previous incubation with “tnton” N-lOO (0 005 per cent 
by weight) and the greatest difference between expenmental and control blood 
appears at a density of 45 per cent transmittance This corresponds to about 29 



SPECTflOPHOTOHETHIO HEAOWO 

Figure 1 In vitro effect of 0 005 per cent (by weight) tnton N-lOO on phagocytic activity 
of human neutrophiles Bactenal density, given as spectrophotometnc reading, is plotted 
against percentage of phagocytes active of treated (solicf circles) and untreated (open 
circles) leucocytes 


milhon bacteria per ml Figure 2 gives the results of similar experiments carried 
out with mouse blood The maximum difference in phagocjitosis again falls at a 
bactenal density of about 29 million organisms per ml 

The effect of intraperitoneal injections of ‘Hnton” N-lOO on the phagocytic 
activity of mouse leucocytes, evaluated in intro Figure 3 compares the percentage 
of active phagocytes from a nim als given 2 mg of tnton N-lOO in 0 5 ml of saline 
(eqmvalent to about 100 mg per kilogram of body weight), by mtrapentoneal 
mjection at tune zero, with that of unmjected controls A second injection, 
mdicated by the arrow, mamtamed the elevated phagocytic activity of the 
granulocytes for an additional penod comparable to that of the mitial dose 
This amount of detergent increases the abihty of the white cells to engulf bactena 
for 4 to 5 hours, but at the end of this tune there is a significant depression of 
phagocytosis When the mjections were repeated every 4 hours for 20 hours, 
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SPECTROPKOTtMETRie RCADINS 

Figure 3 JSame aa figure 1 except that mouse granulocytes were used 



TIME IN HOURS 

Figure 3 Percentage of phagocytes active compared with time following intrapentoneal 
injections in mice of 2 mg of tnton N-lOO m 0 5 ml saline A second injection was given ^at 
the arrow Control values shown by open circles, single injection by solid circles, and 
second injection by open squares 

the phagocytic function of the granulocytes was inhibited Figure 4 shows the 
results of a single injection with the dosage level reduced to 0 5 mg of tnton N-lOO 
in 0 5 ml sahne (about 25 mg per kilogram of body weight) There is an mcrease 
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m phagocytosis comparable to that shoivn m figure 3 Figure 5 establishes the 
fact that with this amount of detergent the elevation m phagocytosis is main- 
tained over a period of 3 days when injections are given every 4 hours Similar 
results were obtained with the dose level reduced to 0 2 mg m 0 2 ml of salme 
No change m phagocytosis was found over a 6-hour period foUowing an oral 
admimstration (by stomach tube) of either 0 2 mg or 1 mg of tnton N-lOO 
Therapeidtc test of tnton N-lOO tn mice experimentally infected with Salmonella 
typhimunum Since repeated mjections of triton N-lOO maintamed an elevated 
phagocytic activity over a 3-day period, it was considered worth while to test the 
possible therapeutic value of this substance m mouse typhoid In previous 



TIME IN HOURS 

Figure 4 Percentage of phagocytes active compared with time following mtraperitoneal 
injections in mice of 0 5 mg of tnton N-lOO in 0 5 ml saline Test blood shown by solid 
circles and control blood by open circles 

experiments mice were protected against this infection at a time when the blood 
granulocytes showed improved phagocytosis accompanymg blood loss anemia 
(Berry and Haller, 19476) Accordingly, 150 mice were infected with a standard- 
ized suspension of thoroughly washed Salmonella typhimunum Four hours 
later half the animals were mjected mtrapentoneally with 0 2 mg of tnton N-lOO 
m 0 2 ml physiological sahne, and these mjections were repeated every 4 hours for 
56 hours The remaming half of the mice, servmg as controls, were injected at 
the same time with an equal volume of sterde salme The percentage surviva 
curves for the two groups are given in figure 6 Other than the smaller nui^er 
of deaths durmg the first 2 days, no protection was afforded the mice Ine 
total mortahty in the two groups was practically identical 



% SURVIVAL 



■nuE m DAYS 

Figure 6 Percentage of survival of treated (solid circles) and untreated mice (open 
circles) followmg experimental infection at zero hour with Salmonella typhimurium Intra- 
pentoneal mieotions of 0 2 mg of tnton N-lOO m 0 2 ml of sahne were started 4 hours after 
infection and were continued for 56 hours Control animals received only sterile saline 
injections 
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The effect on ‘phagocytosis of treating the test particles (bacteria) with surface- 
active agents In the experiments described m previous sections, the phagocytes 
came mto contact with the detergent for at least 1 hour pnor to the introduction 
of bactena Phagocytosis mcreased m every case except those m which excessive 
quantities were mjected m mice over a period of hours The fact that no pro- 
tection against the fatal outcome of mouse typhoid infections accompanied this 
phagocytic change suggested that tests should be earned out when bacteria alone 
or both bactena and leucocytes were m contact with the detergent prior to 
evaluatmg phagocytosis The results m table 2 prove that no significant change 
in phagocytosis occurs when both granulocytes and bactena are incubated with 
the detergent pnor to completmg the phagocytic mixture, but when bactena 
alone are meubated phagocytosis is depressed This holds for the five substances 

TABLE 2 


Phagocytic activity following 'previous incubation with surface-active agents of neutrophiles, 
bacteria, and both neutrophiles and bactena 



1 PESCENTAGE OP NEnTSOPHUES SHOWDiO PEACOCVnC 



ACnVlTV WITH 


STOPACE ACTIVE AGENT 

No treat 
ment 
(controls) 

Neutrophiles 

Bactena 

Neutrophiles 

and 


incubated 

incubated 

bacteria 

incubated 

Triton N-lOO 

66 7 

87 5 


70 7 

Triton N-lOO 

72 5 

83 7 


70 0 

Tween 20 

77 0 

87 0 

60 5 

76 3 

Tween 20 

69 5 

85 5 

59 7 

68 2 

Tween 20 

64 7 

80 5 

51 0 

60 0 

Na-abietyl sulfate 

72 5 

84 0 

69 5 

74 2 

Deoyl benzene Na-monosulfate 

74 0 

91 5 

65 2 

75 5 

Carboxymethyl cellulose 

77 0 

85 5 

71 0 

75 5 


(both amomc and nomomc) that gave the largest mcreases m phagocytosis, as 
shown m table 1 Results comparable to those of table 2 were also obtamed 
when suspensions of Salmonella typhimunum were used instead of Staphylococcus 
aureus 


DISCUSSION 

Accordmg to Ponder (1927), a particle will be mgested by a cell when 

S E particle — S E cell particle _ ^ 

S E cell ' 

where S E cell represents the free surface energy between the cell anji sur- 
roundmg medium, S E particle that for the particle and medium, and S E ceii 
particle that between the mterface of cell and particle Therefore, phagocytosi 
IS favored by a decrease m the surface energy of the cell or cell particle an 
mcrease m surface energy of the particle Changes m ^ ^ 

make mgestion less likely The greater the total decrease m free surface ene^^ 
that accompames mgestion, the greater the probabihty that it occurs 
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the surface-active agents decrease surface energy, an enhancement of phago- 
cytosis should accompany such a change produced m phagocytic cells by mcuba- 
tion with detergents, and the reverse effect should result when the bacteria are 
so altered In addition, only a small change m activity would be predicted when 
the surface energy of both bacteria and phagocytes is decreased proportionately 
These theoretical relationships are fully confirmed by the experiments described 
in this report 

SUMMARY 

Five, out of a total of 52 surface-active agents tested in vitro, at least double 
the mean number of bacteria ingested per human neutrophile, as compared to 
control values Similarly, an increase in percentage of neutrophiles active was 
found when the most effective of these, “triton” N-lOO, was tested with human 
and with mouse neutrophiles This same compound, mjected mtraperitoneally 
mto nuce, elevated the phagocytic activity of the blood granulocytes, evaluated 
m vitro, and with mjections repeated eveiy 4 hours for 3 days, a greater phago- 
C 3 diic function was mamtamed A similar treatment, however, failed to protect 
mice agamst experimentally mduced infections with Salmonella typhimunum 
This fact IS explamed by the observation that no change m phagocytosis occurred 
when both blood cells and bacteria were mcubated m the presence of the deter- 
gent prior to mixmg, and a decrease in phagocytosis followed mcubation of the 
bacteria alone These results are considered m the light of surface energy 
relationships m phagocytosis 

REFERENCES 

Beret, L Joe, Davis, J , and Spies, T D 1945 Phagocytic activity of neutrophiles 
in anemia J Lab Clin Med , 30, 910-916 

Berry, L Joe, Leyendecker, R M , and Spies, T D 1947 Comparative studies of 
phagocytosis m normal and in anemic blood Blood, Suppl , 1, 98-107 
Berry, L Joe, and Haller, E C 1947a The influence of anemia on phagocytic func- 
tions in rat Blood, Suppl , 1, 108-116 

Berry, L Joe, and Haller, E C 19476 The influence of anemia on phagocytic func- 
tions and resistance to infection in mice Blood, Suppl , 1, 117-124 
Berry, L Joe, and Spies, T D 1949 Phagocytosis Medicme In press 
Boerner, F , AND Mddd, S 1935 Determination of the phagocytic power of whole blood 
or plasma-leucocyte nuxtures for clinical or experimental purposes description of an 
improved method, with representative findings Am J Med Sci , 189, 22-35 
Fenn, W O 1921 The theoretical responses of livmg cells to contact with solid bodies 
J Gen Physiol , 4, 373-385 

Gordon, A S , and Katsh, G F 1949 The relation of the endocrine gland system to 
macrophagic activity Ann N Y Acad Sci In press 
Mddd, E B H , AND Mudd, S 1933 The process of phagocytosis The agreement be- 
tween direct observation and deduction from theory J Gen Physiol , 16, 625-636 
Mddd, S , McGdtcheon, M , and LucRfi, B 1934 Phagocytosis Physiol Rev , 14, 
210-275 

Ponder, E 1928 The influence of surface change and of C 3 doplasmio viscosity on the 
phagocytosis of a particle J Gen Physiol , 11, 757-777 
Rhumblbr, L 1914 Das Protoplasma als physikalisches System Ergeb Physiol , 14, 
474-617 

Tait, j 1918 Capillary phenomena observed in blood cells thigmocytes, phagocytosis, 
amoeboid movement, differential adhesiveness of corpuscles, emigration of leucocytes 
Quart J Exptl Physiol , 12, 1-33 




MINERAL DEFICIENCIES IN COMPLEX ORGANIC MEDIA AS 
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Received for publication March 7, 1949 

When aerobic sporefornung bacteria are cultivated in a vanety of the usual 
bacteriological organic media, good vegetative development is observed m aU the 
cultures, but strikmg differences m degrees of sporulation may be observed 
Table 1, dealing with Bacillus ceieus, is representative of the behavior of six 
different species of Bacillus Spore counts were made by the malachite green, 
mercurochrome method as described by Wynne (1948) A pomt of special 
mterest is that m each medium the vegetative growth was good, differences m 
cell jnelds between the various media bemg due to a difference of not more than a 
few generations, and often less than that 
A detailed study of the neghgible sporulation m “casamino acids” and “N-Z- 
case” media (asporogemc media) revealed the following pomts (1) small propor- 
tions of yeast extract or Wilson hver “B” added to the asporogemc media 
mduced good sporulation, (2) the effect was obtamed by the ash of yeast extract 
or hver, and (3) the potassium ion was identified as the mam factor critical for 
sporulation in the asporogemc media (table 2) Potassium, along with several 
other cations, has been shown by several authors to influence sporulation (Fabian 
and Bryant, 1933, Perdue, 1933), and spectrochemical analysis reveals its 
presence m aerobic spores (Curran et al , 1943) 

From table 2 one may compute that the addition of K+ led to about a 30 per 
cent augmentation m total cell yield (Petroff-Hauser count), but to upwards of a 
1,000 per cent mcrease in spore yield, suggestmg a defimte role for potassium m 
the sporulation process Also it appears from these and numerous other experi- 
ments on this subject that the sporogemcity of a medium may be mdependent 
of the amount of vegetative growth it supports In sporulation work it is likely 
that certam standard media may, as this study shows, be deficient in the mmerals 
essential for maximum sporulation but adequate for abundant vegetative de- 
velopment Some evidence was obtamed that certam other mmerals, such as 
magnesium and iron, may also be deficient The exact status of the deficiency 
would depend on the particular lot of medium employed One may conclude 
that a salts mixture should be used in orgamc media employed in sporulation 
studies 

* The research that this paper reports was undertaken in co-operation with the Com- 
mittee on Food Research of the Quartermaster Food and Container Institute for the Armed 
Forces The views or conclusions contained in this report are those of the authors They 
are not to be construed as necessarily reflecting the views or having the endorsement of 
the War Department 
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This finding appears to explain numerous reports of “stimulation” of sporula 
tion by certain ions (Fabian and Bryant, 1933) It would appear that “stimula- 
tion” does not occur, but rather that the basal media were deficient m mmerals 
for sporulation but sufficient for vegetative growth, and that presumably sporula- 
tion cannot be high without havmg the nutnent requirements for this process 
satisfied Complex media favorable for sporulation without supplements contain 


TABLE 1 


Sporulaiion of Bacillus cereus in complex organic media that support good vegetative growth 


IhCDBATION 

NUTRIENT 

BROTH* 

YEAST 

EXTRACT* 

WILSON 
LIVER B 

CASAUINO 

Acms* 

NZ 

CASEt 

PEPTONE* 

BRAIN 
HEART IN 
FUSION* 

VEAL IN 
FUSION* : 

1 

FRESH BEEF 
LNFUSION 

hours 

24 

23 

8 

8 

0 

0 

0 

4 

7 

0 

48 

44 

49 

56 

1 

0 

28 

18 

12 

6 

72 

75 

68 

85 

4 

1 

33 

38 

51 

23 

96 

78 

85 

99 

7 

1 

38 

65 

55 

38 


All media equivalent to standard nutrient broth, i e , organic solids = 8 mg per ml m 
distilled water Initial pH 7 2 Five ml medium per 50 ml Erlenmeyer flask Incubation 
on a shaking machine at 30 C 

Figures represent percentage of total cells (vegetative plus spores) that are spores 
* Difco 
t Sheffield 


TABLE 2 


Influence of the potassium ton on the sporulation of Bacillus cereus in asporogentc media 

(N-Z-case) 


INCUBAnON 1 

BASAL MEOlUU 

BASAL UEDIUU PLUS 0 36 mg AS KCl PER ml 

Total population* 

X io-« 

% spores 

Total population* 

X 10-9 

% spores 

hours ^ 





48 

6 2 

1 

8 0 

34 

72 

7 4 

4 

9 6 

43 

96 

Est t 

vt 

Estt 

85t 


Conditions similar to those in table 1 Medium N-Z-case, 8 mg per ml in distilled 


water 

* Vegetative cells plus spores 

t Lysis difficulties made exact total counts impossible The “% spores ’ are taken 
from stained slides 


adequate amounts of mmerals, it seems that the well-known fact of differences 
m sporogemcity of complex media may be explamed m part at least on their 

mmeral content , , 

This apphes, however, only to relatively dilute complex media Attempts to 
obviate the potassium deficiency by usmg the media m higher concentration 
(2- 3- and 4-fold) were imsuccessful In fact, m the case of the pep on 
table 1, sporulation was even less m the more concentrated media, in ca 
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that other factors then come mto play m the sporulation process, an observation 
similar to that of Roberts and Baldwm (1942), W illiams (1931), and Tarr (1932) 
This IS bemg studied further 

Attention is called to the value of the homogeneous conditions of shake 
cultures in sporulation studies sporulation is more rapid and eventually higher 
than m stationary broth cultures For example, stationary controls for the 
yeast extract medium m table 1 gave the followmg sporulation percentages on the 
four consecutive days 1, 14, 33, and 45 
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The number of toxins elaborated by Shigella dysentenae has been debated 
since 1920 when Ohtaky and lOigler first described the separation of two toxins, 
one a neurotoxm capable of inducmg paralysis and the other an enterotoxm 
havmg an affini ty for the gastromtestmal tract Boivm and Mesrobeanu 
(1937) further extended these studies and claimed that the neurotoxm was a 
thermolabile exotoxm and could be neutrahzed by a specific antitoxm The 
enteric toxm was found by these mvestigators to be a thermostable polypep- 
tide-polysaccharide-hpoid complex associated with the somatic antigen of S 
dysentenae Morgan and Partndge (Morgan, 1937 , Morgan and Partridge, 1939, 
1941) further charactenzed this complex, showing the polypeptide in reahty 
to be a protem and the polysacchande to be the specific hapten of the organisms 
Dubos and Geiger (1946) could not demonstrate the presence of an exotoxm m 
the filtrate from the young cultures of S dysentenae They therefore suggested 
that the n eurotoxm is hberated only upon the autolysis of the organisms 
Not on V IS the existence of the exotoxm m doubt, but the existence of two 
toxins has been questiond by Waaler (1936), who beheves that both neurotoxic 
and enterotoxic effects may be achieved m laboratory animals by varying the 
dose of autolyzate from 3-week cultures On the other hand, Steabben (1943) 
suggested the possibihty of the presence of 3 toxins — two m the somatic antigen 
and the third an exotoxm Recently Anderson et al (1945), workmg with au- 
tolyzates of S dysentenae, stated that tnchloracetic acid precipitation brmgs 
down a toxic protem but leaves no somatic antigen m the supernatant hqmd as 
claimed by Boivm and Mesrobeanu The confusion is accentuated by the fact 
that antibodies produced to partially purified neurotoxm give a strong cross 
reaction with somatic antigen 

In view of the existing uncertainty it was felt that further attempts should be 
made to determme the number of dommant antigens present m S dysentenae as 
well as the nature of the toxm or toxms produced by this orgamsm 

MATERIALS AND METHODS 

The strains of S dysentenae used m these studies and the sources from which 
they were obtamed follow S52, smooth strain, Umversity of Pennsylvama, 

* Present address Northwestern Umversity Rheumatic Fever Research Institute, Chi- 
cago, Rlinois 

“ With the technical assistance of Pharmacist Mate II Class Bernard J DembecL 
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S14-1, smooth strain, Anny Medical School, S2308, smooth strain, Dr R Dubos 

R2308, rough vanant of S2308, Dr R Dubos, S^l, smooth variant Bucharest 
stram used by Boivm, National Institute of Health, and R-1, rough vanant 
Bucharest stram. National Institute of Health We have accepted the nomen- 
clature with regard to R2308 and R-1 Bucharest strams of Dubos and Boivm, 
respectively, who isolated them from parent strains 

The designation of rough variant as apphed to S dysenteriae appears to be 
somewhat ambiguous, smce when these strains are grown upon tryptone agar 
(Difco), their colomes do not differ significantly from those of smooth strains, 
although they are somewhat more opaque On microscopic exammation by the 
Gram method the rough orgamsms appear shorter and thicker The suspen- 
sions of rough organisms are not less salt-stable than those of smooth organisms 
Due to the loss of somatic antigen by the rough strains, their serological identi- 
fication was not possible The rough strams grew typically, however, on Mac- 
Conkey’s agar, when seeded mto sugar medium, they fermented glucose only 

For the cultivation of orgamsms, (Difco) tryptone broth or 2 per cent (Difco) 
tryptone agar was used Both the broth and agar contamed 0 1 per cent 
glucose and 0 1 per cent NaCl For the production of “neurotoxm,” Dubos’ 
broth was employed (Dubos and Geiger, 1946) Orgamsms were cultivated m 
Roux bottles contaimng 100 ml of sohd medium The medium was moculated 
with 2 ml of an 18-hour culture and mcubated at 37 C for 24 hours, the cells were 
washed off with 0 85 per cent sahne solution The cells were washed three tunes 
and then dned from the frozen state The organisms were also grown m 10- 
hter lots of hquid medium in carboys with constant agitation for 18 to 20 hours 
Cells were separated from the medium by centrifugation at 4,000 rpm for 1 
hour, washed in sahne solution 3 times, and dned in vacuo 

The somcally dismtegrated matenal was prepared by the treatment of a 
thick suspension of washed orgamsms m a magnetostriction oscillator at 9,000 
cycles per second for 1^ hours 

Autolyzates of S dysentenae were prepared accordmg to Anderson’s method 
(Anderson et al , 1945) An 18- to 24-hour culture of S dysentenae was washed 
3 tunes, resuspended m salme solution at pH 8 8, covered with toluene, and au- 
tolyzed at 37 C for 5 days At the end of this penod the culture was filtered 
through Berkefeld N candles and the filtrate treated with 2 per cent cold tn- 
chloracetic acid The resulting precipitate was separated by centrifugation m 
the cold (4 C) and washed twice with 2 per cent cold tnchloracetic acid and agam 
twice with cold 95 per cent ethyl alcohol The washed precipitate was then re- 
dissolved m distilled water and dialyzed agamst cold distilled water for 24 hours 
The dialyzed solution was dried in vacuo 

Somatic antigen (0 antigen’) was isolated by Morgan’s method (1937) o 
each gram of dried washed orgamsms were added 10 ml of anhydrous diethylene 
glycol The suspension was vigorously shaken for 2 hours m a Kahn shaker an 
thereafter frequently agitated dunng extraction for 5 days at 0 C On the 

’ Somatic antigen is here defined as the surface antigen responsible for the formation of 
agglutinins 
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day the mixture was centrifuged at 10,000 rpm for 1 hour At this speed the 
clear greenish-yellow supernatant fluid separated from the orgamsms and debns 
The supernatant fluid was passed through a Berkefeld N filter and dialyzed a- 
gainst cold distilled water for 24 hours The diethylene glycol was thus re- 
moved, leavmg the antigen m colloidal suspension The suspension was con- 
centrated to 0 1 of its original volume by evaporation in vacuo at — 10 C The 
resultant concentrate was precipitated with 65 per cent, by volume, of cold ace- 
tone, resuspended m a small amount of water, and dned in vacuo For immum- 
zation with soluble antigens from S dysentenae, a known weight of dry mate- 
rial was dissolved m physiological sahne solution 

Whole-organism vaccmes were prepared from dned orgamsms, which had 
been heated to 56 C for 0 5 hours m order to kfll all viable cells The amounts 
mjected were estimated from the dry weight of the organisms Rabbits weigh- 
mg not less than 5 pounds were unmumzed by mtravenous mjection of suble- 
thal doses of the foregomg preparations Three to six mjections were given 
on alternate days, followed by 5 days’ rest At the end of the rest penod the 
rabbits were bled and their sera tested for antibodies by agglutmation and pre- 
cipitation tests 

The agglutmation tests were made m 13-by-lOO-mm tubes mto each of which 
were placed 0 5 ml of senally diluted rabbit antiserum and 0 5 ml of a hve, washed 
suspension of the smooth vanant of S dysentenae grown for 18 hours m tiyp- 
tone broth at 37 C The degree of agglutination was recorded after the tubes 
were mcubated at 50 C for 2 hours m a water bath and overnight at 4 C m the 
refngerator 

In the precipitation tests, 0 2 ml of undiluted rabbit antiserum was mixed 
with 0 2 ml of 1 1,000 and 1 10,000 dilutions of the test antigen and the mixture 
incubated for 30 mmutes at 37 C m a water bath and overmght in the refnger- 
ator at 4 C All tubes were centrifuged before the amount of precipitate m each 
tube was recorded 

Toxicity tests were performed by mtraperitoneal and mtravenous mjection of 
imce and mtravenous mjection of rabbits with vanous dilutions of test sub- 
stances 


EXPERIMENTAL RESULTS 

Toxicity of dned heat-killed organisms, autolyzates, and sonically disintegrated 
matenal from smooth and rough vanants of S dysentenae The toxicity of var- 
ious punfied preparations obtamed from S dysentenae has been descnbed by 
several authors Ohtsky and Khgler (1920), Boivm and Mesrobeanu (1937), 
Anderson et al (1945), and Morgan (1937) In order to establish the toxicity 
range for mice and rabbits of the whole organisms of S dysentenae, sahne sus- 
pensions containmg 2 mg per ml of the dned orgamsms of 6 strains (S2308, 
R2308, S52, S14-1, S-1, and R-1) were heat-killed at 56 C for ^ hour To test 
for stenhty, 1 ml of the suspension was moculated mto 10 ml of tryptone broth 
and mcubated for 24 hours No viable organisms could be demonstrated m 
heat-treated cultures Pour plates made from these cultures were also stenle 
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Senal twofold dilutions were made from the suspensions, the first dilution con- 
tammg 1 mg per 0 5 ml and the last contammg 0 03 mg per 0 5 ml of the inocu- 
lum Six mice were mjected mtrapentoneally with 0 5 ml of a given dilution 
The mice were observed for 7 days and the number of dead recorded Table 1 
shows a typical experiment on the comparative toxicity of heat-kiUed organisms 
and mdicates that the smooth and rough vanants of S dysenienae were of the 
same order of toxicity, the LDso dose bemg near 0 06 mg as estimated by the 
methods of Eeed and Muench (1938) 

The toxicity of these strains for rabbits was not determined with large num- 
bers of animals It was observed, however, that the strams used would hll 
rabbits m doses of 0 01 mg m 48 hours 


TABLE 1 

Toxicity for mice of various preparations of S dysentenae 


UOXTALtTT RATIO OF MCE WOCDIAIED WIIB VARJOPS OPANTmiS 
(ifO DBF WEIGBT) of OXGAMSHS OE FlACnoSS OF 5 DVSEHTZUAIS 



10 

05 

025 

oils 

0 06 

003 

Smooth strain whole organism 

6/6 

6/6 

6/6 

6/6 

mm 

2/6 

Rough strain whole organism 

6/6 

6/6 

5/6 

4/6 

■9 

1/6 

Smooth sonic lysate 

6/6 

6/6 

6/6 

4/6 

6/6 

2/6 

Rough Bonic lysate 

6/8 ■ 

4/6 

5/6 

4/6 

2/6 

2/6 

Smooth autolyzate 

6/6 

6/6 

5/6 

4/6 

2/6 

3/8 

Rough autolyzate 

6/6 

5/6 

5/6 

i 6/6 

I 3/6 

2/6 

S diethylene glycol extract 

5/6 

0/6 

0/6 

0/6 

0/6 

0/6 

R diethylene glycol extract 

3/6 

0/6 

0/6 

0/6 

0/6 

0/6 

S purified toxin some lysate 

6/6 

6/6 

' 5/6 

5/6 

2/6 

' 2/6 

R purified toxin sonic lysate 

6/6 

6/6 

6/6 

5/6 

6/6 

1/6 

S puijfied autolyzate 

6/6 

5/6 

4/6 

2/6 

3/6 

1/6 

R purified autolyzate 

6/6 

6/6 

5/6 

5/6 

5/6 

3/6 


S, smooth variant of S dysentenae 
R, rough variant -of S dysentenae 

Purified toxin, acid precipitates either from sonic fysate or autolyzate of S dysentenae 


Autolyzates from the foregoing strains were prepared by the method descnbed 
in the section on matenals and methods The dned autolyzates were dis- 
solved m sahne solution in the same concentrations as were the whole organisms 
and injected mtrapentoneally mto mice Each dilution was tested in 6 mice 
laical results are summarized m table 1 The autolyzates from smooth, as 
well as from the rough, vanants of S dysentenae were of the same order of 
toxicity and showed no significant mcrease m toxicity over that demonstrated 
with the mtact organisms 

It IS difficult to assess what occurs m an autolyzmg culture The products 
obtained by this method may not be the natural substances found m the intact 
organisms but products of enzymatic breakdown of the bacterial protoplasm, 
Borne of which may be mcidentally toxic It was felt that information on ttus 
pomt might be obtamed if the organisms could be disrupted by some ot 
means Sonic wave dismtegration presented the method of choice 
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Washed organisms were resuspended in distilled water and treated m the mag- 
netostriction oscillator for 1^ hours at 9,000 oscillations per second Ninety 
per cent of 1 gram of dry orgamsms were dismtegrated at the end of this penod 
as judged by decreased turbidity The dismtegrated matenal was centrifuged 
at 10,000 rpm for 1 hour m order to remove the rema inin g mtact organisms and 
debris The supernatant fluid was filtered through Seitz filters and dried by ly- 
ophihzation The toxicity of this matenal was tested by dissolving a known 
amount of the dry matenal m saline and mjectmg vanous dilutions mtrapen- 
toneally mto mice For typical results see table 1 

The toxicity of the somcaUy lysed matenal was of the same order as that ob- 
served with autolysates and the mtact orgamsms, mdicatmg that the toxic sub- 
stance IS present m the protoplasm of the mtact organism as well as in the autol- 
ysates 

Toxicity of purified fractions of S dysentenae Partially purified toxm of S 
dysentenae has been obtamed from the autolysate of the organisms by either 
tnchloracetic acid or hydrochlonc acid treatment of the autolysates (Ohtsky 
and Khgler, 1920, Boivm and Mesrobeanu, 1937, Dubos and Geiger, 1946, An- 
derson ei al , 1945) Attempts were made to isolate the toxm by the acid precip- 
itation of the autolyzates and solutions of somcaUy dismtegrated matenal from 
S dysentenae 

The addition of 2 per cent tnchloracetic acid, as advocated by Anderson et 
al (1945), to the dismtegrated orgamsms brought the solution to pH 2 0 and 
caused a heavy, white, flocculent precipitate to appear The same result was 
obtamed with the addition of n/1 hydrochlonc acid until the pH of the solution 
was 40 Further acidification resulted m no additional precipitation The 
process of precipitation and separation of the matenal was conducted, so far as 
possible, below 4 C The tests for mtrogen m the precipitate and the superna- 
tant flmd showed that most of the protem present m the origmal solution was 
present m the precipitate The supernatant flmd contained less than 5 per cent 
of the ongmal mtrogen content 

The toxicity of the precipitate was tested by mtrapentoneal mjection m imce 
The dose for mjection was prepared by redissolvmg a known amount of the dned 
material m sahne solution at neutrahty It was observed that the acid-precipi- 
table fraction exhibited toxicity shghtly higher than that obtamed with crude 
substances The LDso appeared to be approximately 0 03 mg The superna- 
tant flmds contamed very httle of the toxicity The mcreased toxicity of the 
acid precipitate is undoubtedly due to further purification 

The lack of toxicity m the supernatant flmd was m agreement with the ob- 
servation made by Anderson et al (1945) that acid precipitation of S dysentenae 
autolysate removed aU active matenal from the solution, and was contraiy to 
the claim (Boivm and Mesrobeanu, 1937) that such treatment leaves the somatic 
antigen (0 antigen responsible for the production of agglutmms and antibacterial 
immumty) in solution 

Toxunty of the diethylene glycol extract from smooth and rough vanants of S 
dysentenae Four strains of S dysentenae S2308, R2308, S-1, and R-1 were 
treated with anhydrous diethylene glycol accordmg to Morgan’s procedure as 
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descnbed m the section on materials and methods It was observed that such 
treatment of rough as well as smooth vanants of the foregoing strains resulted 
m material of smular appearance The 5-day-old autolyzates of these variants 
yielded a clear straw-colored hquid Upon dialysis agamst cold distilled water, 
the material became turbid The colloidal substance from rough and smooth 
vanants could be precipitated out by the addition of 66 per cent acetone 
Unexpectedly, the diethylene glycol extract from rough as well as from 
smooth vanants of S dysentenae proved to be toxic for mice One mg of ace- 
tone-precipitated substance killed mice within 48 hours on mtraperitoneal in- 
jection This toxicity 13 lower than that reported by Morgan (1937) for his 
smooth vanant preparations but is equal to that obtained by Tal and Ohtzki 
(1948) with similar preparations The results obtained with one set of diethy- 
lene glycol preparations from S and R variants are recorded in table 1 How- 
ever, although both preparations were equally toxic, only the extract from the 
smooth strain of S dysentenae gave a precipitate m 1 10,000 dilution of the an- 
tigen with anti-whole-orgamsms rabbit serum m a precipitation test A similar 
test with the rough variant extract proved negative 
It IS not clear why the diethylene glycol extract of the rough vanant should 
be as toxic as the extract from the smooth vanant if it is accepted that diethyl- 
ene glycol extracts the somatic antigen from S dysentenae and that the rough 
vanant of this orgamsm lacks this antigen 
Effects of 70 and 100 C upon the toxicity of S dysentenae The proponents of 
the theoiy that there exist two toxms, one a neurotoxm liberated from the organ- 
ism by autolysis and another inherent m the somatic antigen (Olitsky and 
Khgler, 1920) state that the somatic antigen of S dysentenae is thermostable, 
whereas the neurotoxm is thermolabile and is destroyed by heating at 70 to 75 
C for 1 hour at a neutral pH If such were the case, heating whole orgamsms to 
70 C for 1 hour at a neutral pH should decrease the toxicity of the smooth organ- 
isms and completely destroy the toxicity of the rough vanant, which reportedly 
possesses no somatic antigen Accordingly, suspensions contaming 1 mg per ml 
of orgamsms of the two vanants m sahne solution at pH 7 1 were heated m a 
water bath to 70 C for 1 hour After proper dilutions were made they were 
injected mtrapentoneally mto mice A temperature of 70 C for 1 hour appar- 
ently had no effect upon the toxicity of either rough or smooth variants of S dy- 
sentenae Heatmg both vanants to 100 C completely detoxified them in the 
concentrations used 

The lability of toxm contamed m somcally disintegrated material was also 
tested by the same means Although heatmg the solutions to 100 C for 1 hour 
completely inactivated the toxicity of preparations contaimng 1 mg per ml, 70 C 
produced no sigmficant dimmution of toxicity 

Detoxification of smooth and rough variants and sonically disintegrated matenats 
from 3 dysentenae Detoxification of purified toxins has been reported by 
Treffers (1946), Dubos and Geiger (1946), and others Vanous substances were 
used to detoxify these preparations either partially or completely Pheno or 
acetic anhydnde have been reported to detoxify completely S dysentenae toxins. 
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However, 9 hours’ treatment with acetic anhydride was necessary to detoxify 
some of the toxic preparations (Treffers, 1946) We felt that detoxification with 
ketene gas offered a distmct advantage Our preparations contaimng 10 mg 
of S dysentenae per ml were completely detoxified withm 1 hour Moreover, 
smce ketene acts upon free ammo groups, we hoped that the degree of disap- 
pearance of these groups might be correlated with the degree of detoxification 
The gas was bubbled slowly through the toxic solution After a measured length 
of time the solution was neutralized with n/1 NaOH A portion of it was with- 
drawn and tested for free NH 2 groups and the remainder was employed m tox- 
icity tests It was observed that solutions of somcally dismtegrated materials 
treated for vanous mtervals exhibited loss of toxicity m direct proportion to the 
time of treatment with ketene There was also a decrease (50 per cent) m the 
amount of free ammo mtrogen after 15 mmutes’ treatment with ketene gas 

The same procedure was repeated with whole orgamsms of S and H vanants 
of stram 2308 The phenomenon of diminishing toxicity was again observed, 
however, 1 hour was required to detoxify 1 mg of whole organisms of either the 
rough or smooth vanant of this stram 

The toxic effect of purified toxin and somatic antigen of S dysentenae The iso- 
lation of neurotoxms from autolysates of S dysentenae has been described by 
Ohtsky and Khgler (1920) and by Boivm and Mesrobeanu (1937) The S 
dysentenae neurotoxm is claimed to be qmte distmct from the somatic antigen 
charactenzed by Morgan (1937), The somatic antigen is toxic, but its activity 
IS manifested chiefly m the gastromtestmal tract, whereas the neurotoxm produces 
paralysis of the hmd legs of the infected animals Waaler (1936), on the other 
hand, reported that he could find no difference between the toxms and that van- 
ous toxic manifestations are dependent upon the amounts of toxins mjected 

Observations were made of the reactions of mice and rabbits to mjections with 
either whole orgamsms, somcally dismtegrated matenal, or autolyzates of both 
S and R vanants of S dysentenae, as well as with diethylene glycol extract In 
no case were gastromtestmal lesions observed that could be attnbuted to the 
orgamsms or toxic products of S dysentenae Mice mjected with any of these 
preparations and autopsied at death showed edema of the intestmes If the 
mice, however, were sacrificed when death appeared imminent, no such lesions 
could be demonstrated Injected animals often showed weakness of the hmd 
legs That they were not really paralyzed was attested by the fact that both 
mice and rabbits moved their limbs upon stimulation Only occasionally what 
appeared to be true paralysis was observed m some of the mjected rabbits This 
observation was made m ammals mjected with diethylene glycol extract (pre- 
sumably somatic antigen) as well as with other products Furthermore, the 
paralysis was not confined to the hmd legs but occurred as frequently m the fore- 
legs On autopsy these rabbits showed no lesions m the central nervous system 
related to this paralysis * 

* We are indebted for the pathological examination of the tissues to Dr J Victor and 
Dr A Pollack of Camp Detrick 
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Immunization^ of rabhiUmth whole S and R variants ofS dysenieriae Rabbits 
were immunized by intravenous mjection of a suspension of dned organisms that 
bad been heated at 55 C for | hour The rabbits received 4 mjections on alternate 
days The first and second mjections contamed 0 01 mg each, the third 0 05 mir 
^d the fourth 0 10 mg of the orgamsms Five days after the last injection 
the rabbits were bled from the heart and their sera titrated for antibodies in 


TABLE 2 


Aggluhnalion and precipitation tests with rabbit antisera against various strains of 
S dysenteriae and purified fractions 
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Punfied 

toxin 

R 

I 

n 

I 

n 

I 

n 

I 

n 

1 


I 

n 

I 

n 

I 

u 

S whole organism 

1 1,024 

4 

3 

0 

0 

4 

3 

1 

tr 

4 

tr 

0 

0 

4 

2 


0| 

R whole orgamsm 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Q 

o 

0 

0 

El 

0 


o{ 

S some lysate 

1 512 

4 

2 

0 

0 

4 

1 

0 


3 

0 

0 

0 

4 

2 


Oi 

R sonic lysate 

0 

0 

0 

0 

0 

0 

o 

0 


o 

0 

0 

0 

0 

El 
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S, smooth variant S dysenteriae 
R, rough variant S dysenteriae 
WO, whole organism 
DG, diethylene glycol 

I, 1 1,000 dilution of antigen 

II, 1 10,000 dilution of antigen 
— , test not included 

0, tr, 1, 2, 3, 4, relative amounts of precipitates 

Pur son lys , punfied sonic lysate, hydrochloric acid-precipitated 

Purified toxin, hydrochlonc-acid-precipitated autolyzate 

agglutmation tests against the homologous and heterologous strains of S dysen- 
tenae Antisera were prepared by this method agamst strams S52, SI4-1, S2308, 
112308, and R-1 All three smooth strams appeared to elicit the same antibody 
response as judged by agglutmation and precipitation tests R2308 and R-1 
failed to produce agglutimns and precipitins Typical results obtained by 
immumzation with all these strams is shown m table 2 

s In this report the term immumzation is used in a broad sense to denote the injection of 
the antigen for the purpose of eliciting the formation of circulating antibodies regar e" 
of whether these antibodies are related to the protection of the animals 
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After the rabbits immunized 'With the smooth variant were allowed to rest a 
week, they were agam given 3 mjections of 0 1 mg each of homologous antigen 
The techmque for immumzation and bleeding, descnbed for the first course of 
mjections, was agam followed Titration of antibodies by means of agglutma- 
tion tests revealed that the antibody titers, instead of mcreasmg, decreased 
These results are not wholly surprising as similar findin gs were reported by 
Halapme et al (1937), who attempted to hypemnmumze horses Felton (1947) 
had the same experience immumzing rabbits with pneumococci He ascnbed 
this failure to mcrease the amount of antibodies to the paralyzmg of antibody- 
forming mechamsms 

Production of rabbit antisera against sonically disintegrated material Material 
from somcally dismtegrated strains S52, S2308, and R2308 was dried after Seitz 
fiiltration, and the dned substances were resuspended m stenle sahne solution 
to contain 1 mg per ml The rabbits were mjected mtravenously, each receivmg 
4 m]ections on alternate days The first and the second mjections contamed 
0 01 mg of the matenal, the third 0 05 mg, and the fourth 0 1 mg Five days 
after the last mjection the rabbits were bled and then* antisera titrated for anti- 
bodies by agglutmation and precipitation tests Table 2 shows characteristic 
results The somcally dismtegrated matenal produced agglutinins of somewhat 
lower titer than was produced with the same weight of dned organisms 
The second course of 4 mjections contaimng 0 02 mg each of the respective 
solutions agam decreased the agglutmm titer by 50 per cent but left the precipitm 
titer unaffected A third attempt was made, after restmg the animals for 3 weeks, 
by givmg them a smgle mjection contammg 0 05 mg The result was a stiU fur- 
ther lowermg of the agglutmm titer 

Immunization of rabbits with purified autolyzate and somatic antigen Propo- 
nents of the two-toxm theory (Ohtsky and Khgler, 1920, Boivm and Mesrobeanu, 
1937, Pngge, 1939) mamtam that the two toxins can be differentiated not only 
by the charactenstic symptoms they produce but also by the nature of the anti- 
bodies they ehcit upon mjection mto test animals 
The preparations of purified autolyzates and somatic antigens from the smooth 
variant of S dysentenae descnbed above, when tested m a precipitation test 
agamst whole-orgamsm rabbit antisera, still gave precipitates m 1 10,000 dilu- 
tions of the antigens Similar preparations from rough vanants of this strain 
gave no observable precipitate either with the smooth whole-organism or the 
rough whole-organism antisera 

The failure to demonstrate, in the rough variant antiserum, antibodies agamst 
its homologous antigen or purified toxm prompted the mvestigation of the im- 
munological activity of these preparations Accordmgly, the four preparations, 
the punfied toxins from S and R2308 and the diethylene glycol extracts of these 
variants, were tested for their antibody-producmg potency Three rabbits were 
used for mjections mth each substance Five mjections were given mtrave- 
nously on alternate days The doses were 0 002 mg, 0 005 mg, 0 01 mg, 0 02 mg, 
and 0 02 mg of the respective substances Five days after the last mjection the 
rabbits were bled and their sera exammed for homologous and heterologous 
antibodies Table 2 shows the results of these tests 
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The diethylene glycol extract and the punfied toxm of the rough variant of S 
dysmtenae induced no formation of demonstrable antibodies A similar prepara- 
tion from the smooth variant of this stram ehcited the formation of both agglu- 
tinins and precipitins, which cross-reacted with either punfied autolyzate or 
diethylene glycol extracts of the smooth variant 
The lack of antigemcity of the rough vanant toxm is of mterest In a number 
of respects this toxm resembled that obtained from the smooth vanant Both 
toxins gave a strong Biuret reaction and were precipitated with trichloracetic and 
hydrochlonc acids at pH 4 0 Chemical analysis for some of the constituent 
ammo acids showed that both toxins contamed the same amounts of tryptophan 
(2 per cent), t3rrosme (12 per cent), and argmme (5 per cent) The only differ- 
ence that could be chemically demonstrated between the two preparations was 
the amount of reducmg sugar It was found that the ratio of reducmg sugar, as 
determmed by the Hagedom- Jensen procedure, to mtrogen of the smooth autol- 
yzate was 0 468, whereas the ratio for the rough autolyzate was 0 173 
Antigemcity of acetylaied whole organisms and fractions of S dysentenae It was 
of mterest to determme whether acetylation and subsequent destruction of tox- 
icity would have an effect upon the quahty and quantity of antibodies produced 
Twenty mg of dried heat-kiUed suspensions m 10 ml of water of S and R variants 
of stram 2308 were treated with ketene gas for 1 hour Ten ml of a solution of 
S52b (somcally dismtegrated matenal) contammg 2 mg per ml were also treated 
for 15 mmutea A group of rabbits was tested with these preparations, which 
had been foimd to be nontoxic for mice m 1-mg amounts Each rabbit received 
0 62 mg of the preparation m 6 mjections administered mtravenously on alternate 
days After 5 days of rest the rabbits were bled and their sera titrated for anti- 
bodies Table 2 also shows these results 
It may be concluded from this experiment that detoxification of somcally 
dismtegrated matenal m no way impaired its abihty to mduce the formation of 
agglutinms and precipitms The antisera reacted as well with the untreated as 
with the acetylated antigens The titer of the antibodies formed by the mjecbon 
of acetylated preparations from the S vanant of whole organisms or somcally 
dismtegrated matenal was equal to that obtamed with untreated preparations 
Immunization of rabbits with a nontoxic strain of S2S08 A low-toxicity vanant 
of smooth stram 2308 of S dysentenae was obtamed by growmg toxic stock or- 
ganisms m 15 hters of veal mfusion broth at pH 7 6 with vigorous shaking m a 
steel vessel The growth was harvested after 18 hours’ mcubation at 37 C and 
washed free of medium with salme solution The collected organisms were then 
dried by lyophihzation The dned organisms proved nontoxic for nuce even 
when 1-mg amounts were given mtrapentoneally However, suspensions of 
these orgamsms agglutinated strongly with antisera prepared against a toxic 

stram of S dysentenae , 

To test the unmunological activity of the nontoxic stram, 3 rabbits were eacn 
given 3 mjections contammg in Mo 0 62 mg of the dned organisms m saline sus- 
pension Pive days after the last mjection the rabbits were bled and their sera 
titrated for agglutmms for the homologous stram and a toxic vanant of the same 
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strain Precipitating antibody against the autolyzate of the same smooth strain 
(2308 of S dysentenae) was observed m these antisera Table 3 presents the 
results observed All three antisera showed a marked prezone m the region of 
antibody excess up to 1 4 dilution of the antiserum It seems that this variant, 
in spite of its low toxicity, was a better antibody producer than the toxic variant 
Absorption of S dysentenae rabbit antisera with homologous and heterologous 
antigens The marked cross reactions observed with whole-organism immune 
sera and various fractions obtained by chemical and physical means prompted a 
qualitative evaluation of the antibodies found m these antisera The antisera 
were absorbed m the region of antigen excess after it was found that about 1 mg 
of dned homologous antigen per ml of antiserum was needed for complete 
absorption of homologous antibodies 

The antiserum, to which were added 3 to 4 mg of desiccated antigen per ml of 
serum, was mcubated at 37 C m a water bath for 2 hours and stored overnight at 

TABLE 3 


Agglulinaiton and preciptialion tests with sera of rabbits injected with nontoxic variant of 

S2S08 of S dysentenae 


BABBIT SEBtm 

HIGHEST DH-nnOH OP 

DEGREE OF PRECIPITATION OCCURRINC WITH TWO 
DILUTIONS OP PURIFIED AUTOLVZATE S2308 

AS ANTIGEN 

AGGLUTINATION* 

Dilution of antigen 



1 1,000 

1 10 000 

1 

1 1,024 


2 

2 

1 1,024 

4 

0 

3 

1 1,024 

4 

2 


0, no reaction 

* The antigens in agglutination tests were suspensions of the homologous nontoxic 
strain of S2308 and a toxic stock strain S2308 
t 4, 3, 2, 1, degree of precipitation observed 

4 C m a refngerator The next day the serum was centnfuged to remove the 
sediment A portion of the serum was tested for the presence of antibodies to the 
absorbmg antigen If antibodies were present, the antiserum was treated as 
before with another portion of the antigen If there was no reaction with the 
absorbmg antigen, absorption was considered complete 
For the absorption of antibody specific for somatic antigen from whole-organ- 
ism antisera and somatic antigen antisera, smooth variants of strain 2308 and 
52 were employed Other antigens used m absorption of sera were desiccated S 
and R autolyzates and S and R somcally dismtegrated matenals Anti-whole- 
orgamsm, antiautolyzate, antisomatic antigen, and antisomc lysate sera were 
absorbed Table 4 presents a summary of the results obtamed m agglutmation 
and precipitation tests with the various antigens and the absorbed sera 
Exammation of the results of the absorption experiment pomts to the following 
conclusions (1) Treatment of antisera with vanous antigens of the rough 
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TABLE 4 

Agglutination and precipitation tests with antisera 
of S dysenteriae 


absorbed with various fractions 


antisehuie 


S2308 wo 
S2308 WO 
S2308 WO 
S2308 WO 
S2308 WO 
S2308 WO 
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S2308-b 

S2308-b 

S2308-b 
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WO, whole organism 

Aut, autolyzate 

NRS, normal rabbit serum 

0, Absence of agglutination 

S, smooth variant S dysenteriae 

SA, somatic antigen 

b, somcally disintegrated material 

4, 3, 2, 1, degree of positive reaction 


tr, trace 

R, rough variant S dysenteriae 


vanant of S dysenteriae removed none of the antibodies to the smooth vanant 
antigens (2) Absorption of whole-organism antisera with mtact organisms 
removed not only antibody to the somatic antigen but also antibody to any other 
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fraction of the organism (3) Absorption of whole-orgamsm antisera with the 
trichloiacetic-acid-precipitated neurotoxm removed not only the antibody to the 
neuiotoxin but also the agglutmms to the whole orgamsm (4) Absorption of 
either autolyzate or the some material antisera with neurotoxm also completely 
exhausted these antisera 

It follows from the above that, with the method employed, we failed to demon- 
strate separate antibodies to what had been described by others as distmct anti- 
gens The serological mertness of the fractions of the rough vanant is also un- 
expected in view of their similarity to the smooth antigens with respect to 
toxicity 


DISCUSSION 

The foregomg experiments were designed to clanfy the question of the nature 
of the toxms of S dysenlenae and to mvestigate the serological and immunolog- 
ical significance of various fractions obtamed from this orgamsm The problem 
was to determme how many toxins were present m the orgamsm and with which 
fraction of the bactenum they were associated 

As pomted out m the mtroduction, there is a controversy as to how many 
toxins exist m S dysentenae Conflictmg views are still bemg voiced on this 
question although more than two decades have elapsed smee Ohtsky and Khglei 
(1920) desenbed the chemical separation of what they thought to be the two S 
dysentenae toxms The discovery that a rough vanant of S dysentenae, wholly 
lackmg m somatic antigen, produced a toxin m all respects similar to that pro- 
duced by a smooth vanant further strengthened the behef m the existence of 
toxic protem apart from the toxic somatic antigen Investigators studymg the 
nature of S dysentenae toxms freely substituted m their studies the toxm from 
the rough vanant instead of the smooth variant toxm m order not to be encum- 
bered by the presence of the toxic somatic antigen 

The fact was overlooked and remamed imexplamed, but was brought out m our 
studies, that although toxms from the rough and smooth vanants were m many 
respects of similar nature, the toxm from the smooth vanant was antigemc and 
mduced the formation of agglutmms and precipitms when mjected mto rabbits 
The toxm from the rough vanant was not antigenic, nor did it react with the 
antismooth serum m a precipitation test 

Chemical analysis of the tnchloracetic acid precipitate from the S and R 
autolysates yielded very suggestive data It was found that, although the mtro- 
gen content per mg of dry weight and some ammo acids of the respective precipi- 
tates were the same, the ratio of reduemg sugar to mtrogen was 0 468 for the 
smooth autolyzate and 0 175 for the rough autolyzate Available techmques 
were inadequate to estimate what proportion of reduemg sugar constitutes the 
specific polysacchande of S dysentenae Nevertheless, it is obvious that the 
rough vanant is poorer m carbohydrates than the smooth vanant De I&uif 
(1921) and Arkwnght (1921) have shown that dissociation from smooth to rough 
IS often accompamed by loss of the abihty to synthesize a specific polysacchande 
The hint obtamed here suggests a logical axplanation for the phenomenon of 
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nonantigenicity of the rough vanant toxm The rough vanaut may po&ess 
either very httle or no specific polysacchande of S dysmimae If this is true 
then it should also hold true that the smooth vanaut neurotoxin owes its anti- 
genicity to the specific polysacchande of S dysentenae But this polysacchande 
■was observed only in the somatic antigen complex, which is said to be qmte 
4istmct m Its toxic and antigenic properties from the second toxm 

This hypothesis was tested first in our absorption expenments We reasoned 
that antiserum against a crude autolyzate should possess two distmct antibodies, 
one toward the somatic antigen and the other to the neurotoxm However^ 
absorption of this antiserum with whole organisms, which was to remove only 
the somatic antigen antibody, exhausted the serum of antineurotoxic antibody 
as well Furthermore, a whole-organism antiserum, after absorption with puri- 
fied autolyzate, was as free from antibodies to the homologous antigen as from 
those against the punfied autolyzate 

Thus it would seem that the specific antibodies for the toxin and the somatic 
antigen are the same The corollary to this is that the toxm is, either m part or 
m whole, equal to the somatic antigen Under such circumstances, it is ifficult 
to support the theory that there exist two or more toxins m S dysentenae capable 
of givmg nse to distmct antibodies If we conceive that we are dealmg with one 
toxic complex consistmg of a nonantigemc but toxic protem, a specific polysac- 
chande responsible for the antigemcity of the complex, and a hpoid, a new under- 
standmg of the relationship of the somatic antigen to the toxm is possible Ap- 
parently the bond between the protem and the polysacchande is not very firm, so 
that chemical treatment may effect a spht of vanous amounts of either one or 
the other component 

On two pomts m this hypothesis we have Morgan and Partndge’s (1941) as 
well as Tal and Ohtzki’s (1948) observations that the protem of the somatic anti- 


gen freed from the polysacchande becomes nonantigemc, and Anderson’s com- 
ment (Anderson et al , 1945) that, contrary to Boivm and Mesrobeanu’s statement 
(1937), he could not find the somatic antigen m the supernatant flmd after the 
removal of the neurotoxm by tnchloracetic acid 


Summanzmg the accumulated evidence, we would hke to offer an alternative 
to the current theory of the phenomenon of toxicity and antigemcity of S 
dysentenae We feel that it is wholly possible that the somatic antigen and the 
endotoxm of S dysentenae are one and the same substance The toxicity of the 
complex resides m the protem moiety, whereas the polysacchande imparts anti- 
gemcity to the protem and detenmnes the specificity of the conjugated antigen 
Such a theory would account for the phenomenon of complete absorption of 
antiautolyzate serum with whole organisms and for the nonantigenicity of the 


autolyzate from the rough vanant 

The evidence so far obtamed mdicates that the S dysentenae toxm ^ ^ 
nature of an endotoxm, smce no toxm can be detected m the medium un 
bacterial autolysis occurs Furthermore, the washed orgamsms are just as oxic 
as the punfied toxm, and the matenaJ obtamed by some disintegration * 

sequent punfication yields no significantly greater amounts of toxm than cou 
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accounted for by purification In future papers it will, therefore, be referred to 
as S dysentenae endotoxin 

As to the neurotropic properties of the endotoxin, we have shown m our expen- 
ments in mice and rabbits that although paresis is commonly observed m nnimn.la 
mjected with whole organisms or fractions of jS dysentenae, true paralysis is 
seldom observed Penner and Bemheim (1942) state that S dysentenae toxm 
has a pharmacological effect upon the suprarenal glands and that they observed a 
hypoglycemia m the blood of injected dogs The hypoglycemia runs parallel 
with the discharge of adrenahn from the suprarenal glands It is possible, 
therefore, that the observed neurological symptoms represent a secondary effect 
of some endocrine disturbance due to the endotoxm 

SUMMARY 

All fractions denved from the smooth variant as well as the whole org anism of 
Shigella dysentenae mduce formation of identical antibodies and each fraction 
cross-reacts with antiserum to any other preparation 
The rough vanant as well as substances denved from its autolysate, sonic 
lysate, and diethylene glycol extracts, although as toxic for rabbits and mice as 
the derivatives of the smooth vanant, do not mduce the formation of agglutmms 
and precipitms when injected mtravenously mto rabbits 
No distmct antibodies that would mdicate the presence of exotoxm could be 
demonstrated by immunization or antiserum absorption methods 
Evidence is presented that all the toxic properties of S dysentenae are attnbut- 
able to a smgle endotoxm 

A theory is suggested to explam the above-mentioned phenomena 
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The following proposals regarding nomenclature and usage withm the genus 
Shigella are made for the consideration of all who work with members of the 
group The problems of numbering or naming the vanous t 3 T)e 8 are manifold 
and vexmg but are m no way more difficult than the question of which micro- 
organisms to mclude in the genus and which to delete or exclude Another dif- 
ficulty IS the attempt by many to make the terms Shigella and dysentery bac- 
tena synonymous This is improper from the standpoint of bacterial taxonomy 

Proposals concemmg these problems are numerous (see Weil, 1947, Neter, 
1942, 1948), and others will appear in the hterature soon (Ferguson and Kauff- 
mann, 1948) Smce the writer is not m accord with all the recommendations 
made by other authors, the followmg proposals are made The views set forth 
are in general agreement with those of Boyd (1948) 

Although the schema (table 1) will be criticized, m the opinion of the author 
it offers, nevertheless, a simpler and more useful classification than any proposed 
to date It appears to satisfy the needs of the laboratory worker, epidemiol- 
ogist, practicmg physician, and the taxonomist There is httle that is new m 
this proposal It is merely a reorganization, based m part upon biochemical 
charactenstics, antigemc relationships, and tradition Tradition is abandoned, 
however, where it serves no useful purpose The types are arranged withm the 
schema so that additions can be made when other types that satisfy the generic 
cntena are descnbed 

The genus Shigella is defined as follows gram-negative bactena that are 
aerobic, nonsporulatmg, nonmotile, and, with a few exceptions, nonproductive 
of gas from fermentable substances They do not utihze sahcm, adomtol, or 
citrate, or hydrolyze urea, hquefy gelatm, or form acetylmethylcarbmol Lac- 
tose IS utilized by only two recogmzed species {Shigella sonnet and Shigella dis- 
par), and by these only upon prolonged mcubation 

Several microorganisms now hsted m Bergey’s Manual (Breed et al , 1948) 
may be deleted from the genus Shigella on the basis of the descriptions given 
there Shigella equirulis. Shigella septicemiae, and Shigella pfaffi, For the pres- 
ent, it IS necessary to retam Shigella gintottensis m an appendix Descnptions 
of this species are madequate, but cultures are isolated occasionally that may 
belong to it (impubhshed data) If this species is retained, it would be placed 
m group D of the schema 

Shigella dysentenae I is retamed as the type species of the genus Shigella be- 
cause of precedent, there seems to be httle need for change The species pre- 

^ From the Enteric Bacteriology Laboratory 
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TABLE 1 


T^enus Shigella dysentery and related bacteria 


PEOPOSED DESIGNATIOK 

Group A 

Shigella dysenteriae I 

II 

III 

IV 

V 

VI 

VII 

PEEVIODS DESIGNAnoN 

Shigella dysenteriae (Shiga), Shiga 
I&use bacillus, Bacterium shtgae, etc 
Shigella schmitzn, Shigella ambigua, 
j^dciGTium drnhxguuBf etc 

Q 771 of Large Sachs group, type 8524 
(Gober et al ), Shigella arabinotarda A, 
(Ohristensen and Gowan) 

Q 1167 of Large-Sachs group. Shigella 
arabinotarda B 

Q 1030 

Q 454 

Q 902 

Group B 

Shigella flexneri I 

I 

II 

II 

III 

IV 

IV 

V 

VI 

j Abbreviated 
antigenic 
formula* 

Boyd 

Wheelc 

An 

* drewe 
r and 
Inmaj 

:i 

Otter 

14, 

I 4,6 

II 4, 

II 7,8,9 
~ 7,8,9 
~ 4 

III 6,7 

IV 4 

IV 6 

V 

VI 

F I 
F I 
F III 
Fllb 

Fill 
FIV 
F rv 
F V 

F VI 

V 
VZ 

1 w 
wx 

X 

Y 

Z 

F I 

F I, III 

F II 

F II, VII 
F VII 

F VIII 

P III 

F IV 

F III, IV 

F V 

F VI 

Boyd 103 

Boyd P 119 
Boyd 88, 
Newcastle 
and Alan 
Chester ba 
cilli, Shi 
gella new 
castle 

Group C 

Shigella boydii I 

1 1 

3 I 


FIX 

Boyd 170 

II 

III 

I 

I 

} II 
Jill 


FX 

PXI 

Boyd P 288 

Boyd D 1 

IV 

E 

IV 

1 

PXIV 

Boyd P 274 

V 

B 

V ' 


FXIII 

Boyd P 143 

VI 

B 

VI 


FXII 

Boyd D 19 

VII 




1 

‘Lavington,’* 
type T, 

Shigella 

etousae 
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TABLE 1 — Continued 


PROPOSED DESIGNATION 

PREVIOUS DESIGNATION 

Group D 


Shigella sonnet 

Sonne-Duval bacillus, Kruse-E-Ruhr, 
Shigella ceylonensis A 

Shigella dispar I 

Serotype I, Carpenter and Stuart, Shi- 
gella madampensis (Castellani) 

II 

Serotype Ila, b, c, d. Carpenter and 
Stuart, Shigella ceylonensis B (Cas- 
tellam) 

Group E 


Shigella alkalescens 

Serotypes of Stuart et al , type I, De 
Ass IS 


• To be written with name and type designation when needed for epidemiological pur- 
poses B , Boyd, F , Flexner 


viously referred to as Shigella echmilzii (or Shigella ambigua) becomes Shigella 
dysentenae 11 , and the members of the Large-Sachs group are numbered consec- 
utively as types withm the species, thus compnsmg Shigella dysentenae I through 
VII (table 1) There is httle serorelation between members of this "group,” 
but it must be remembered that neither is there any important serologic con- 
nection between these types and members of the other groups of shigellae men- 
tioned below The microorganisms designated Shigella dysentenae I through VII 
are the shigellae that are consistently manmtol-negative Shigella types (a) that 
do not utilize this substrate, (b) that may or may not be related serologically 
to one or more of the above serotypes, and (c) that lack important group rela- 
tionships to Shigella flexnen can be added to the list when the need arises Two 
microorgamsms that should be considered for possible mclusion are no 1831 
(Wheeler and Stuart, 1946) and A 12 (Sachs, 1943) If, m the future, vanants 
of members of the Shigella dysentenae group are descnbed that utilize manmtol, 
they nevertheless should be added to the group (u inf manmtol-negative var- 
iants of Shigella flexnen types) Separation of the manmtol-negative shigellae 
mto different species based upon supposed differences m pathogemcity or upon 
tradition is not beheved to be warranted or desirable 
The species name Shigella -paradysentenae is discarded and the terms Shigella 
flexnen and Shigella ioydii (coinb nov ) are substituted The former term is 
already m the hterature (Wilson and Miles, 1946) but Shigella boydn is appar- 
ently a new combination Members of the Flexner group B (table 1) are bio- 
chemically similar and serologically related At present there are six serotypes 
of S flexnen These should be designated by Roman numerals referrmg to their 
type-specific or major antigens Futher, it is recommended that the partial 
antigemc formula be employed m reportmg the results of tj^img when such data 
are needed for epidemiological or other purposes In this way, exact typmg 
methods can be employed and reported without recourse to alphabetic designa- 
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tions, subtype or race names, or other confusing terminology (e g Shigella ilex 
nen I 4 ^nd Shigella flexnen I 4, 6 for “V” and “YZ” or sLgella Jlcxncn 
114 and Shigella flexnen II 6, 7 for “W” and "WX”) Undoubtedly 
other antigenic types of S flexveri will be reported, i e , microorganisms that 
have antigens m common with described serotypes 

The S flexneri types characteristically are fermenters of mannitol, but loii 
ants are known that do not utilize this substrate, viz , Shigella fiexnen IV (Nel- 
son, 1947) and Shigella fiexnen VI (Clayton and Warren, 1929) The micro- 
organism descnbed as Bacterium dysentenae, Dudgeon and Urquhart (Hazen, 
1938), IS a typical S fixxnen VI (Ferguson, 1946, Ewmg, unpubhshed data) 

The shigellae descnbed by Francis (1946) as provisional Flexner VII and VIII 
are not included m the Shigella jlexnen group The former (Ewmg, no 2-193, 
and no 2372 of Wheeler et al , 1946) is regarded more properly as a biochemical 
vanant of Shigella dispar (Carpenter and Stuart, 1946, Eivmg, m manuscript) 
and, although the taxonomic position of Francis’ provisional type VIII is un- 
decided, it IS known to be related to S dispar and to certain paracolon bacteria 
(Ewmg, m manuscript) These bactena are related, through mmor antigens, to 
certain S jlexnen types, but to no greater extent than are Shigella sonnet or 
Shigella alkalescens 

Shigella boydii (group C) is composed of seven antigenic t 3 T)es at present 
These rmcroorgamsms are similar m biochemical and cultural characteristics to 
members of S jlexnen Descnbed serological relationships with members of the 
lattei group are of a mmor nature but mtragroup relationships among members 
of group C are apparent The serotype descnbed previously as Shigella para- 
dysenteriae “Lavmgton” (Ewmg, 1946), Shigella etousae, or type “T" (Heller and 
Wilson, 1946, Lavmgton et al , 1946, Stock et al , 1947) is mcluded as Shigella 
hoydii VII Present members of this group are easdy distmguished by serolog 
ical methods Serotypes may be reported by recording the Roman numeral 
that designates the specific or major antigen together with the specific name 
Agam, newly descnbed microorgamsms may be added to group C when desired 

Group D m the schema is composed of those microorganisms that utilize lac- 
tose after contmued mcubation, viz , Shigella sonnei and Shigella dispar These 
imcroorgamsms can be distmguished both by biochemical and serological means 

sonnei exists m two phases, as descnbed by Wheeler and Mickle (1946) Phase 
II IS related antigemcally to Shigella boydii VT There are two serotypes of S 
dispar (I and II), the second of which may be further subdivided mto four sero- 
logical vaneties These may be designated by use of their antigenic formulae 
(Carpenter and Stuart, 1946) 

Other workers would remove S dispar and S alkalescens from the genus bhi- 
gella but would retam S sonnei (Ferguson and Kauffmann, 1948, Boyd, 1948) 
We beheve that if one lactose-positive species is removed from the genus, all 
should be removed and placed m the genus Proshigella, as recommended by Bor- 
man et al (1944) Members of these species cbntam antigens in common witli 
certam paracolon bactena as well as with other shigellae (Ferguson and Hender- 
son, 1947, Ewmg, m manuscnpt), but this does not seem to be a valid reason 
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for removing them from the genus Shigella The common form of S alkalescens 
IS a typical member of the Shigella genus and should be retamed m it Para- 
colon and cohform bacteria that contam antigens m common with S alkalescens 
(Stuart et al , 1943) may be reported as paracolon bacteria, their taxononuc 
status IS beyond the scope of this paper 
The three species mentioned above are retamed m the genus and appear in 
the schema as groups D and E Possibly m the future there wiU be some reason 
for deleting these microorganisms from the genus, but at present none is apparent 
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The influence of the environment on the formation of bactenal endospores has 
only lately been reviewed comprehensively and expertly by Khaysi (1948), and 
it would be superfluous to repeat the hterature coverage, except where special 
points have direct bearmg on the work presented here The foregomg authority 
summarizes (p 63) his views of the subject as follows “The conclusion that an 
endospore is formed by a healthy cell facmg starvation is imdoubtedly true for 
all strongly aerobic members of Bacillus ” This representation, suggested 
also by earher workers (seeKnaysi’s review, 1948), is frequently encountered 
Viewed m a different sense, a spore may be thought of as the end product of 
a senes of enzymatic reactions m the proper balance and mtegrated toward the 
generation of the spore If this hypothesis is correct, any circumstance dis- 
ruptmg this balance would mterrupt sporogenesis at any one of a number of 
stages m the biochemical sequence Furthermore, such a disruption could be a 
function of the nutritional environment, a situation analogous to numerous other 
physiological processes m cells The experiments reported below are not mcon- 
sistent with these ideas Also established is the pomt that sporogenesis is m- 
dependent of growth and that the latter may be abundant, healthy, and starved, 
and yet fail to generate spores 


METHODS 

The stram of Bacillus cereus used came from the departmental collection Its 
identity was confirmed by a positive phosphohpmase test (McGaughey and Chu, 
1948) To secure unambiguous results, uniform and homogeneous physiological 
conditions for aU cells m the cultures were adjudged as bemg a prime requisite 
m work of this nature Incubation of broth cultures on a contmuous shaking 
machme accomplishes this objective It also accelerates markedly the rate and 
increases the final total percentage of spores m the culture as compared to iden- 
tical flasks mcubated in the conventional stationary manner This was true of 
all 8 species of Bacillus tested in many different media, and the data of table 1 
are representative of the effect Incubation always was at 30 C Loop samples 
were removed daily for 4 days, films were prepared and heat-fixed m the usual 
way The spores were stamed green and vegetative cells pink by the malachite 

* This paper reports research undertaken in co-operation with the Quartermaster Food 
and Container Institute for the Armed Forces The views or conclusions contained in this 
report are those of the authors They are not to be construed as necessarily reflecting the 
views or having the endorsement of the Department of the Army 
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green, mercurochrome procedure described by Wynne (1948) All media were 
adjusted initially to pH 7 2 

The percentage of cells forming spores was determined by counting the total 
number of cells (spores plus vegetative cells) and the spores m at least five dif^ 
ferent fields of the preparation The results expressed as “total counts per ml” 
were obtamed with a PetrofE-Hauser chamber In every case at least 400 cells 
were counted, and m a few instances, when wide discrepancies in spore distribu- 
tion were apparent, up to eight fields were counted All counts represent the 
averages denved from figures from at least duphcate flasks Because of funda- 
mental difficulties m such countmg processes the values may be considered to 
represent a range rather than absolute values Lysis m particular renders counts 
difficult m the older cultures, especially m the total counts made m the Petroff- 
Hauser chamber The figures given for the percentage of spores were obtained 
from the stamed shdes that made it possible to differentiate spores from vegeta- 
tive cells, though the latter figures were not precise m the 96-hour-old cultures 


TABLE 1 


Spore formation by Bacillus cereus in shake and in stationary cultures 


HETHOD OF niCOTAHOS 


AGE OF an-TOSE, DAYS 



1 j 

2 

3 

i 

Stationary 

0 

9 

2i 

58 

Shaken 

1 

4 

88 

~99 

~99 


Medium Wilson liver “B”, 8 mg per ml in distilled water 

Figures represent percentage of total cell count (vegetative plus spores) that are spores 


EXPERIMENTS AND HEBULTS 

Sporulahon in amino acid media and the effect of glucose The advantages of 
simple synthetic media are desirable m this work After abundant sporulahon 
of the organism was obtamed m “casammo acids” supplemented with minerals 
(Foster and Heihgman, 1949), several ammo acids were tested smgly and in 
simple combmations, m the s^ts mixture desenbed by Stokes and Woodward 
(1943) Each ammo acid treatment was run with and without added glucose 
The total ammo acid concentration was always 8 mg per ml and the glucose 2 
mg per ml In the absence of glucose all the ammo acid mecha recorded m table 
2 supported good growth, but sporulation was neghgible The presence of glu- 
cose m glutamate medium mduced marked sporulation (68 per cent) but was 
virtually without effect whenever alamne was present, and only partially effec- 
tive when aspartate was present Here also growth was uniformly abundant, no 
real difference existmg between any of the ammo acid treatments, though a some- 
what heavier turbidity developed when glutamic acid was present The glucose 
did lead to somewhat heavier growth over the no glucose controls, but there vas 
no drastic or even marked differences such as there was m sporulation percen ge 
Quantitative data on the count mcrease due to glucose are given m table 5 ere 
the presence of 2 mg per ml of glucose mcreased the total count by only 23 p 
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cent and spoi illation by 2,500 pei cent The glucose evidently e\eits an effect 
specificallj’- on spoiulation, but only m glutamate medium and m the absence of 
alanine (and aspaitic acid to a lessei extent) The concentiation of glutamic 
acid IS not ciitical, spoiulation being abundant only vhen glucose (0 1 to 0 2 per 

TABLE 2 


Sporulation of B cereus tn ammo acid salts media in the presence and absence of glucose 


ViQNO ACID MEDI\ 

GLUCOSE ABSENT 

GLUCOSE PRESENT 

2 MG PER ML 


72 hr 

96 hr 

72 hr 

96 hr 

L Glutamic acid, 8 mg per ml 

0 

5 

12 

68 

L Glutamic acid, 4 mg per ml, plus DL-alanine, 4 
mg per ml 

1 

5 

1 

5 

L Glutamic acid, 4 mg per ml, plus dl aspartic 
acid, 4 mg per ml 

0 

5 

0 

28 

DL Alanine, 4 mg per ml, plus DL-aspartic acid, 4 
mg per ml 

0 

3 

1 

5 


Figures represent percentage of spores 




Figure 1 B cereus in 0 8 pei cent glutamate, salts medium Se\ enty-tv o hour culture 
consisting almost exclusively of vegetative cells Malachite green, mercurochrome spore 
stain 

cent) is piesent Smee the glucose effect was obtained in low -glutamate medium 
as well as high-glutamate medium, and since high-glutamate medium supports 
appieciably moie growth than low-glutamate medium, one may conclude that 
the glucose effect is not one ascribable to a source of extra caibon In fact, glu- 
cose addition to high-glutamate medium results m little grow th inclement Its 
effect appears, then, to be one directly related to the sporulation process lather 
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than to the vegetative development pH changes due to the 
low concentrations, of glucose were neghgible 


piesence of tliese 


»• 


« 














• • 


% $ 

* 





Figure B B cereus m 08 per cent glutamate, 0 2 per cent glucose, silts medium 
seventy 'tu 0 hour culture consisting mainly of spores Malachite green, niercui ocliromc 
spore stain 



Figure 3 B cereus in glutamate, glucose, salts medium containing 0 4 per cent vi 
alanine Seventv-tn o-hour culture, consisting mainly of vegetative cells, in which sporu 
lation has been suppressed Malachite green, mercurochrome spore stain 


The microscopic appearance of the glutamic and glutamic-glucose cultures are 
shotra m figures 1 and 2 The former is almost exclusively vegetative, the I it- 
ter prommently sporulated 
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Alanine inhibition of spo) idation The failme of spores to develop in media con- 
taining ahnine and glucose thit otheimse suppoited abundant giovth (table 2) 
was suggestive of a specific inhibition of spoiulation by this amino acid An 
ilanine concenti ition evpeiiment in the sporogemc glutamate-glucose medium 
IS summaiized in table 3 The inhibition of spoiogenesis vas confirmed and is 
a function of the alanine concenti ation One to 2 mg pei ml of alanine appeal 
ciitical Total giowth in all these treatments i\as viitually the same (table 5), 
hence the effect seems to be one specifically on the spoiulation mechanism As- 
paitic acid is less effective, as is asparagine Interestingly, Tarr (1932) observed 
that 2 pel cent aspaiagine suppressed sporulation in Bacillus mesentei icus, Ba- 
, cillits subhlis (two strains), and Bacillus megatherium wnthout suppressing 


I > ' 

t 
f 

! 

i 


Figure ^ B cereus in the alanine medium (of figure 3) containing 500 /ig Wilson liver B 
Seventj-ti\o hour culture, consisting mainlj of spores, in which the inhibitory action of 
alanine on sporulation has been reversed bj the liver Malachite green, mercurochrome 
spore stain 

vegetative growth, but the biochemical significance of his finding w'as not e\- 
ammed 

Othei isomeis of alanine, L-alanine and i3-alanine, are also inhibitors of the 
spoieforming process (table 4) The corresponding aliphatic acids, possible 
metabolites of alanine, namelj^ propionic acid, lactic acid, and pyruvic acid, weie 
not mhibitoiy Giowth wms unaffected b 3 '^ all of these treatments It can- 
not be stated w'hethei the well-known biochemical mterrelationship between 
asparagine, aspartic acid, and a- or j3-alanine is significant in this instance 
Figure 3, m comparison with figures 1 and 2, shows how' the alanine cultures 
look m relation to the glutamic and glutamic-glucose media 

Revet sal of the alanine inhibition On the assumption that the biochemical 
sequence leading to spoie fonnation is blocked bj' alamne at a certain point, re- 
versal of the inhibition by complev natural materials might be expected if they 
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contained the substance whose limitation is critical in the spoi illation pIoce^^ 
Such mateiials actually do leveise the alanine inhibition Included lieie ue 

TABLE 3 


Inhibition of s-porulalion oj B cereus by different concentrations of ul alanuic 


\GE 


DL \L\NINE CONCEKTILMIOV 

MG PER ML 



0 

05 

1 0 

2 0 

■JO 

hours 






72 

55 

54 

11 

6 

4 

96 

75 

68 

38 

13 

10 


Medium glutamic acid, 8 mg per ml, glucose, 2 mg per ml, silts 
Figures represent percentage of sporulation 


TABLE 4 

Inhibition of sporulation of B cereus by compounds related to dl alanine 


AGE ' 



SUPPLEMENT \DDED 




None ^ 

1 DL Alanine 

L Alanine 

/? Alanine 

Propionate 

Lactate 

P>ru\atc 

hours 

72 

1 27 

12 

1 

i 14 

1 

1 22 

IS 

1 22 

96 

' 58 

1 1 

13 

13 

7 

58 i 

43 1 

jS 


Medium as in table 3 \11 supplements = 4 mg pei ml 

Figures represent percentage sporulation 


TABLE 5 


Total growth and sporulation of B cereus in sporoyenic and uspuiogenic media 


ACE 

1 NO SUPPLEMENT 

GLUCOSE 2 MG PER ML 

GLUCOSE 2 «C PER ML 

DL AL\SlNb 4 UC lER ML 

% spores 

Total count 
per ml 

% spores 

Total count 
per ml 

% spores 

lotal cuunt 
i i)cr ml 

hours 

72 

96 

2 

5* 

X 10-’ 

4 91 
* 

51 

75* 

X lO-’ 

6 03 

* 

0 

5* 

X 10 ’ 

0 70 

AGE 

GLUCOSE 2 MG PER ML 

1 DL ALAVIVE 4 MG PER ML 

WILSON LIVER B, 500 fiO PER ML 

GLUCOSE 2 MG PER ML 

1 DL'\L\MNE 4 MG PER -IL ■ 

1 WILSON LIVER B 2o0 /iC PER ML I 

GLUCOSE 2 MO PER ML 

1 DL \t-\MSE 4 UC PI R ML 

LEUCISE lOO/iCPIRML 

% spores 

Total count 
per ml 

% spores 

Total count 
per ml 

% spores 

lotjl count 
I>crml 

hours 

72 

96 

52 

65* 

X 10-> 

6 88 
* 

34 

33* 

X 10-> 

6 71 
+ 

1 

1 

X 10 ’ 

0 75 

« 


Basal medium glutamic acid, 8 mg per ml, s ills 
* Ljsis rendered precise counts difficult 


Dlfco yeast extract, Wilson livei B, corn steep hciuoi, extiacts of sctcral hwp, 
flesh beef infusion, blood, V-8 juice, etc The tM o first-named irc the mo.l po 
tent reversal agents, and then use m a concentiation experiment is icporicn 
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table 6 Under conditions of complete reversal, change m total growth is neg- 
hgible (table 6) The microscopic appearance of the cultures m which re- 
versal has taken place is shown in figure 4, which is virtually identical with 
figure 2 

Leucine and tsoleucine as 'partial reversal agents The defilmte but am n il re- 
versmg action of “casamino acids” prompted testmg of mdividual ammo acids 
as reversmg agents for alanme inhibition of sporulation Of 19 tested, leucme 
and isoleucme had small but nevertheless definite reversmg action A typical 
leucme effect is contained m table 5 The exact degree of reversal vaned be- 
tween experiments, but m general these compounds, equally active, had about 
10 to 20 per cent of the reversal action of Wilson hver B or yeast extract 
Maximum leucme reversal m the inhibition by 4 mg per ml of alanme was ob- 
tamed by 50 pg per ml of leucme, the lowest tested Here also total growth 

TABLE 6 


Reversal of alanme inhibition of sporulation in B cereus by yeast extract and tTiJson liver B 


AGE 

WtLSOH LIVEE pg FE2 UL 


0 

60 

125 

250 

500 

1 000 

2 000 

hours 








72 

1 

1 

1 

22 

66 

82 

63 

96 

7 

7 

13 

23 

48 

63 

58 




Difco yeast extract 



72 

1 

9 

19 

51 

43 

56 

65 

96 

7 

11 

23 

45 

48 

65 

75 


Basal medium glutamic acid, 8 mg per ml, glucose, 2 mg per ml, oL-alamne, 4 mg per 
ml, salts 

Figures represent percentage of sporulation 


change is neghgible Levels of leucme m excess of 800 pg per ml appeared to be 
meffective m reversmg the inhibition A mixture of a dozen-odd B vitamins 
was devoid of reversmg activity 

DISCUSSION 

These data, as well as circumstantial data m the hterature, imply that the 
sporulation process consists of a sequence of mtegrated biochemical reactions, 
that they are mdependent of vegetative growth, and that the sequence can be 
mterrupted at certam susceptible stages It is beheved this type of approach 
IS apt to be frmtful m approachmg the mechanism of sporulation By analogy 
with other biochemical factors m other systems, it seems not unreasonable that 
the reversmg agent m natural materials is a substance normally essential for and 
participatmg m the sporulation process, and ordmanly produced by the cell 
Its identity would, then, be of greatest mterest m this connection 

Without gomg mto detail as to what is meant by “healthy cells” and by “fac- 
mg starvation” (Knaysi, 1948), we may state that the above-mentioned mte- 
grated balance of enzyme systems, like all biochenucal sequences m cells, is sub- 
ject to environmental, and particularly nutritional, influences If they result 
m the proper enzyme balance, a large degree of sporulation results, and this 
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need not mean “stimulation” of sporulation, as frequently supposed The 
rapid, abundant, and viable growth obtained in the glutamate medium presuma- 
bly consists of healthy cells, but they never sporulate notwithstandmg the fact 
that eventually the glutamate becomes depleted Conversely, when these cells 
are furnished an extra source of carbon and energy m the form of glucose, i e , 
when glutamate starvation is apparently relieved, sporulation is profuse Simi- 
larly, when a full-grown culture is deficient m potassium ion, sponilatioa is 
neghgible, and becomes abundant only when extra potassium is furnished (Fos- 
ter and Heiligman, 1949) 

The role of glucose m these expemnents cannot be assessed now The shght 
growth augmentation it induces suggests that its use as a carbon source is sec- 
ondary to its use as an energy source, and it may well be that the mechanism of 
sporulation is endothenmc and is expedited by the energy-rich phosphate bonds 
customarily generated during glucose dissimilation 

The above-mentioned enzyme balance obviously need not be the same m all 
organisms, hence nutntional conditions estabhshmg the balance for some organ- 
isms will not necessarily do the same for other organisms inherently capable of 
formmg spores abundantly Witness the well-knoivn differences m sporogemc 
powers of any one medium for vanous bactena Also, with respect to alanme 
inhibition, six other species tested under the same condition as B cereus behaved 
differently our laboratory strains of Bacillus anthracis and Bacillus siibblis be- 
haved similarly to B cereus, but sporulation m Bacillus laclicola, Bacillus my- 
coides, Bacillus megatherium, and Bacillus lochs was not reduced by alanme 


SUMMARY 

A stram of Bacillus cereus makes good growth but neghgible sporulation on a 
glutamate-salts medium The addition of 0 1 to 0 2 per cent glucose induces 
70 to 90 per cent sporulation, with a small mcrement m growth The addition 
of 2 to 4 mg per ml of DL-alamne to the glucose-glutamic medium inhibits spor- 
ulation without affectmg growth Small amounts of complex naturally occur- 
ring materials contain a substance or substances that will reverse the alanine 
inhibition and restore high sporulation Leucme and isoleucine have a low ac- 
tivity m this regard 

Features of sporulation as a mechanism involving a sequence of biochemical 
reactions in a balanced system of enzymes is discussed 
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In the course of a study of the mechanism of adsorption of T1 bacteriophage 
on Escherichia coli, stram B, an unexpected destruction of the virus was observed 
m repeated experiments when it was added to susceptible cells under condi- 
tions that should have led to normal adsorption Analysis of this situation led 
to the conclusion that T1 bacteriophage constitutes a system m which at least 
two forms can coexist in equihbrium These forms differ markedly m their re- 
action with susceptible cells In the present paper, the existence of this rever- 
sible transformation is estabhshed, and prehmmary experiments on the proper- 
ties of the two forms are described 

METHODS AND MATERIALS 

T1 bacteriophage and E coli B were used m all the experiments Each day 
a fresh dilution was prepared from a smgle broth lysate conta inin g 1 X 10“ 
particles per ml, which was stored in the refrigerator The activity of the stock 
solution was checked frequently and found to be constant throughout the penod 
of study Difco dehydrated nutnent broth plus 0 5 per cent NaCl was used 
as the growth medium All plaque counts were derived from platmgs m nu- 
tnent agar made by the standard techmque (Delbruck, 1942) Ahquots of the 
virus solution were added to 2 0 ml of soft nutrient agar at 45 C, contammg 0 05 
ml of a 24-hour culture of E coli B grown m aerated, nutrient broth The nux- 
ture was poured immediately on nutrient agar plates and mcubated at 37 C 
All plaque counts were performed in duphcate with a resulting precision of about 
10 per cent 


EXPERIMENTAL RESULTS 

The imtial observation arose out of an attempt to compare the adsorption 
rates of T1 on E coli B m broth and distilled water, respectively, m order to de- 
temune whether cofactor molecules take part in this reaction (Anderson, 19486) 
The standard T1 preparation was diluted in distilled water,- and added to each 

^ These experiments were conducted at the California Institute of Technology under a 
Semor Fellowship of the American Cancer Society administered by the Committee on 
Growth Acknowledgment is made to the American Cancer Society for this support and 
for a special grant to Dr Max Delbriiok used in this study, and to Dr G W Beadle and his 
colleagues of the Kerckhoff Biological Laboratories for their generous hospitality Special 
thanks are due Dr Delbriick for his kindness in imtiating the author into the field of bac- 
teriophage Techmcal assistance was rendered by Dorothy Mastm Maron 

’ The experiment presented some difficulty due to the fact that T1 tends to be unstable 
in distilled water at 37 C However, by expeditious mampulation, the total time of sojourn 
of the virus in water before its addition to the adsorption tubes could be reduced below 5 min- 
utes and under these circumstances anywhere from 10 to 75 per cent of the virus remained via- 
ble so that the experiment was feasible 
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of two tubes, one coutammg a concentrated culture of B coh B in broth and the 
other an equal volume of the same cells redispersed in distilled water At moas 
ured tune intervals, samples were removed for the determination of the pro- 
portion of the virus that had become attached to cells When ahquots from 
two such suspensions were plated, the unexpected result was obtained that al 
most no viable virus remamed in the broth suspension, although a fairl}’ good 
recovery was obtained from the mixture of virus and cells in distilled water 


TABLE 1 


Loss of activity of virus diluted in water when added to cells in broth 

tiACtUE COUNTS nou SUSPENSION OP CELLS 

PLUS Vixns IN WATEE 

1 

PLAQUE COUNTS ppoit SUSPEHSION OP CELLS 

PIUS VliOS rv BROTB 

406 

0 


Two B-ml samples of a 3-hour, aerated culture of E colt B in nutrient broth were cen 
tnfuged and resuspended in 1 2 ml of the original broth supernatant and m 1 2 ml of dia 
tilled water, respectively The concentration of E colt in each tube was about 10'“ por 
ml To each tube, maintained m a 37 C bath, was added 0 1 ml of a I 10* dilution in water 
of the standard broth Tl lysate After 4 nunutes both adsorption tubes were plunged into 
an ice bath to stop further action, and 0 1-ml quantities from each tube were plated in 
nutrient agar seeded with E coh 


TABLE 2 


Demonstration that extensive phage destruction occurs only when virus diluted in water ts added 

to cells in broth 


VIRUS DILUTION KEDIUU 

PER CEHT OP THEORETICAL PHAGE ACTiMtV 
EECDVESED WHEN ADDED TO CELLS SUSPEMDEO lU 


(A) 

(B) 


Bioth culture fluid 

IfiO 

(1) H,0 

7% 

64% 

(2) Broth 

t 100% 

100% 

1 


The procedure was similar to that in table 1 The somewhat lower count m tuba IB 
with respect to that in 2B is due to the lower stability of the virus when diluted in water 
at37C 


This result was particularly surprising because Tl tends to decompose at 37 C 
m distilled water but is ordinarily quite stable m nutrient broth Table I il- 
lustrates a typical experiment 

When each step of this procedure was exammed, the cntical point was tounu 
to he m the preliminary dilution of the virus m HjO, for, when the ongina 
phage lysate was diluted with nutnent broth before its addition to the two ceil 
suspensions, no loss of plaque formation occurred m either tube is s lo 

m the experiment of table 2 , 1 nr, hr 

For further study of this action, a lower temperature was resorted to i 

to mmimize the mactivatmg effects on Tl of solutions of 

(Adams, 1949) The following standard procedure was adopted Ihe org 
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broth lysate of T1 was diluted 1 10^ or more m vanous test media mamtamed 
at 2 0 C, and was kept at this temperature for 15 mmutes or more m order to 
achieve equihbration between the virus and the solution Ahquots were then 
removed and added to cell suspensions at 15 C The first step was conducted 
at 2 0 C because the virus is most stable at low temperatures, the second was 
performed at 15 C because that is the lowest temperature at which Tl is ad- 
sorbed on cells with a velocity great enough to be measured convemently It 
was found necessary to use doubly distilled water for the preparation of the 
equihbratmg solutions, as impunties m ordmary distilled water were sufficient 
to produce erratic results In order also to eliminate any effects due to the ac- 
cumulation of bacterial metabohc products withm the broth culture filtrates, 
the practice was adopted of resuspending all cells m fresh medium before the 
addition of the virus 


TABLE 3 

Experiment demonstrating that the presence of bacterial cells is necessary for the destruction 
of Tl virus that has been sensitized by a previous equilibration in cold phosphate buffer 


TOBSS TO WHICH EQUAL AlCOUIfTS 

CONCENTRATION OR 

EIAQUE COUNTS AFTER A 

0? SENSITIZED VIRUS 

BACTERIA CV EACH 

S-iON SOJOURN IN 

WERE ADDED 

TUBE 

EACT TUBE 

(1) Broth, 15 C 

9 4 X lOVml 

62 

(2) Broth, 15 C 

0 

920 


The standard broth suspension of Tl was diluted 1 10* in 2 X 10“* m phosphate buffer of 
pH 7 5 at 2 0 C, and kept at this temperature for 15 minutes One-tenth-ml quantities 
of this solution were then added to each of 2 tubes maintained at 15 C, the one contaimng 
0 9 ml of broth only and the other 0 9 ml of a broth suspension of washed and concentrated 
young E coll cells Five minutes after the addition of the virus, aliquots were removed 
from each tube and plated The theoretical plaque count to be expected if no virus de- 
struction had occurred is 1,200 

At lower temperatures the sensitizmg action of a pre liminar y sojourn m dis- 
tilled water that causes subsequent inactivation of the virus when added to host 
cells m broth was confirmed Dilute phosphate buffer (pH 7 5) behaved like 
distilled water m this respect and was a more satisfactory diluent because it 
produced less virus destruction dunng the mitial equihbration period 

No mactivation occurs when sensitized virus is added to broth, unless the 
cells are also present, as shown m table 3 When cell suspensions of vaiymg 
density were employed, the loss of activity mcreased directly with the cell con- 
centration and approached 100 per cent for bacterial suspensions of about 10® 
per ml or greater, mdicatmg that a 15-mmute pre-equihbration period m phos- 
phate buffer was sufficient to convert practically all the virus to the sensitized 
state 

Role of inorganic ions The possibihty that sensitization might depend on 
small amounts of morgamc ions was suggested by the fact that m an occasional 
experiment with a phosphate buffer stock solution that had been m use for some 
weeks sensitization failed to occur Repetition of the procedure with a freshly 
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prepared solution caused the reappearance of the phenomenon Further 
showed that the addition of CaCl 2 to the equihbratmg solution could protect 
the virus against sensitization This action is illustrated m the data of table 4 
Concentrations of CaCk as high as 5 X 10-^ M worked just as well, but little 
effect was obtained from solutions as dilute as m 
Naiure of the mrus-destroying process This mactivation of sensitized pha^e 
arises from its mteraction with the bacterial cells themselves rather than iiith 
any products of the cell metabolism Thus, sensitized virus, added m parallel 
tests to a broth suspension of bacterial cells and to the supernatant from an iden- 
tical suspension unmediately after removal of the cells by centrifugation, was 
inactivated only m the tube containing bacteria Moreover, when the cells 
that had been separated from the original suspension were redispersed m fresh 
broth and tested promptly thereafter with another sample of sensitized \iru 3 , 
plaque formation was again sharply depressed This behavior can be explained 


TABLE 4 


Prevenlion of sensihzalion by the presence of CaCh tn the equilibrating mixture 


-MEDIUM USED TO DtLVTZ AVD ZQUZLISZATZ 

PHAGE AT 2 0 C 

CELL COJ CENTEATlO'i IK 
EACH fiSOTH TUBE AX 15 
C, TO WHICH Visns WAS 
SUBSEQUE2TXY ADDED 

PLAQUE 
COD *TS 

DESTEDCnO { Vi luat 
WITH CELLS AS COUPAICO 
WITH CO *TB0L 
CONTAIM. 0 0 CXUS 

I 0 005 M phosphate buffer 

(a) 2 X lOVml 

29 

88% 


(b) 0 

248 


II 0 005 M phosphate buffer plus 10“< ii 

(a) 2 X lO’/ml 

402 

0 

CaQi 

(b) 0 

404 



Tl, from each of the two equilibrating solutions shown, was added (a) to a suspension 
of cells in broth and (b) to plain broth at 15 C Ten minutes later samples from each of 
these 4 tubes were removed and plated 


by assummg that inactivation of sensitized virus is a result of its adsorption on 
cells while m a state m which subsequent steps of its metabolic cycle are blocked 
Smce adsorption is practically irreversible (Schlesmger, 1932), such phage par- 
ticles would not form plaques Virus remammg unadsorbed could form a plaque 
if it were reconverted to the “normal” form by the nutnent agar platmg medium 
To test this picture, simultaneous measurements of the rates of adsorption and 
destruction of sensitized virus were made It was found that, withm the limits 
of the experimental procedure, the two rates were identical Hence the pre- 
sumption IS supported that if virus is adsorbed on cells while m the sensitiwd 
state, it loses its abihty to form a plaque on subsequent platmg Table 5 des- 
cnbes such an expenment m which normal and sensitized virus were each added 
to cell suspensions m broth Extensive loss of activity occurred only m the tube 
containmg sensitized virus and cells Yet the titer of free virus in this tube 
(la) closely paraUeled that m the compamon tube contaimng normal virus an 
cells (Ila) m which no loss of activity occurred 

If this mterpretation of the underlymg process is correct, the percen ag 
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destruction of adsorbed sensitised virus may be sunply calculated For exam- 
ple, m the experiment of table 5, durmg the first 5 mmutes 

sensitized T1 adsorbed = 686 — 70 = 616 or 90 per cent of the total 

sensitized T1 adsorbed and viable = 175 — 70 = 105 

105 

Fraction of adsorbed virus kiUed = 1 — — = 83 per cent 

616 

In several repetitions of this experiment, the rate of disappearance of free 
virus from broth cell suspensions was the same for either normal or sensitized 
preparations and always obeyed the hnearly loganthmic rate characteristic of 
virus adsorption (Schlesmger, 1932, Delbruck, 1940) The adsorption con- 
stants calculated from these experiments are summarized m table 6 The es- 


TABLE 5 

Meaauremenl of total itrus actwily and the amount remaining unattached to cells ichen normal 
and sensitized virus preparations are each added to cells in broth at 15 C 





PLAQUE COUNTS 


vraus pai:pA3LiTio\ 

COVCEKTiAtlOS OP 

E call Tin: 
ADSOapnOh TUBE 

After 5 mmntes 

After 10 Planter 

Total virus 
(free and 
cell- 

attadied) i 

Supcrai* 
tant VITUS 
(free virus 
only) 

Total 

vims 

Superua- 
taut vims 

I Sensitized T1 (equilibrated 
m phosphate buffer at 2 0 C) 

(a) 1 23 X 10» 
(b) 0 

175 

6S6 

70 

154 

IS 

II J7ormaI T1 (equilibrated in 
phosphate buffer plus 10"’ n 
CaCl-J 

(a) 1 75 X 10’ 
(b) 0 

920 

972 

74 

1,042 

26 


Equal amounts of virus were used in each case The lower titer in the control tube 
with sensitized virus (686 instead of 972) is due to the somewhat poorer survival of T1 m 
phosphate buSer without Ca"^ ion, during the equihbration period 


sential constancy of these values would mdicate that adsorption of sensitized 
phage on susceptible cells proceeds at the same rate as for normal virus, even 
though m the former case most of the resultmg infections cannot reproduce free 
virus 

Behavior of sensitized virus toward cells in distilled water The foregomg con- 
clusions would be strengthened if it were possible to show that when sensitized 
virus is added to host cells under conditions m which no adsorption occurs, m- 
activation is also prevented Such behavior is achieved m distdled water 
Sensitized virus does not lose its abihty to form plaques when added to cells m 
distilled water (tables 1 and 2) Analysis of the supernatant phage content of 
such mixtures revealed that adsorption also fails to occur m this medium (ta- 
ble 7) 

When a synthetic medium consistmg of 0 02 it glucose, 0 015 it (XHt):SO<, 
0 02 it phosphate buffer, and 10“’ it AIgSOi was substituted for distilled water. 
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TABLE 6 


DemonatraUon that the rate ^ removal of free, sensitized virus from a broth suspension of 

r.(>.LJjt ihn fU^l T ^ ^ * ‘V 


VUBS nZADOOT BEIOEE its ADDmOV TO <-»TTC 
IN Bioia AT IS c 


A Sensitized 
Equilibrated 
fer at 2 0 C 


B Normal 


Ca++(lO-» m) at 2 C 
C Normal 

Equilibrated in nutrient broth 


COSCZJJTSAIIO'f OP 
£ cch IN ADSOaPTION 
TUBZ 

k * ADSOaPTIOS 
CO\StANI 

AD»0Xao 

mrsi\ 

ACmAttO 

6 0 X 10» 

3 0 X 10-'“ 


1 1 X 10» 

sox 10-‘» 

51% 

1 2 X 10> 

3 7 X 10-‘» 

83% 

2 0 X 10’ 

4 8 X 10-'’ 

8S% 

3 2 X 10’ 

1 0 X io-'» 

86% 

1 8 X 10’ 

2 9 X 10-'» 

0 

1 8 X 10’ 

3 6 X 10-'» 

0 

2 0 X 10’ 

2 3 X 10-'’ 

0 

2 1 X 10’ 

1 9 X 10-'» 

0 

2 1 X 10’ 

2 1 X 10-'» 

0 

1 4 X 10’ 

1 9 X 10-'» 

0 

1 4 X 10’ 

2 0 X 10-‘» 

0 


The concentration of free, viable phage, P, present at any tune, t, measured m nun 
utes, can be calculated from 

P 

2 303 Log — = -kBt 
Po 

where Ps is the initial concentration of phage at the moment of addition of the cells, B 
IS the bacterial concentration, and k is the adsorption constant The percentage of ad 
sorbed virus inactivated was calculated as m the expenment of table 5 


TABLE 7 


Experiment demonstrating that in the absence of adsorption, no inactivation of 

sensitized virus occurs 


MKDIUM IN ADSOSPIZOV TUBE 

E celt CON 

S-JCNUTZ PLAQTO 
COtTVIS 


CCNTZATION 1 

1 Total 

1 suspension 

Supema 

tant 

Total 

suspension 

Sapemi 

uot 

(a) HjO (double-distilled) 15 C 



938 

995 

926 

(b) Nutrient broth, 15 C 

iuK 

in 

227 

188 

81 


Equal amounts of sensitized T1 were added to both tubes, a and b Neither adsorption 
nor loss of plaque-forming ability occurred in the distilled water tube, both processes oc 
curred m the broth medium 


the capacity of T1 to be adsorbed on E call B at 15 C was restored The rate ti as 
linearly loganthmic and equal to that which is obtained in broth at the same 
temperature As was expected, when sensitized T1 phage and cells nere 
brought together in this medium, extensive mactivation with loss of 90 per 
cent of the plaque-forming titer occurred 
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The evidence that the phage inactivation descnbed is a result of adsorption 
of sensitized virus on host cells may be summanzed The loss m activity re- 
quires direct interaction between the sensitized phage and the cells When 
this mactivation occurs m a phage-cell mixture, the rate of disappearance of 
free, viable phage is the same as m a suspension m which normal phage is ad- 
sorbed on cells without inactivation K sensitized phage and cells are brought 
together m distilled water m which adsorption does not occur, mactivation also 
does not take place Fmally, when the abihty of the phage to absorb is re- 
stored to such a solution by the addition of morgamc salts, the characteristic 
mactivation also returns 

Reversal of sensitization Sensitized virus can be restored to the normal form 
by a sojourn m broth, if it has not been adsorbed on cells Detailed study of 
the rates of the forward and backward reactions at vanous temperatures has not 
yet been made, but preliminary experiments have been conducted m which re- 
coverv was tested by addmg a large amount of cells to tubes cont ainin g sensi- 
tized T1 that had had vaiymg recovery penods m broth at 15 C The longer 


TABLE 8 

Reversal of sensitization in broth at IB C 



SECOVEST PE&IOD IK BSOTH 

TLAQJTE COVST APTEB A 

TEH CENT 07 OSZGINAL 

TUBE 

\T IS C BEIOaE ADDIHOK 

5 JOHDIE ADSOipnON 

VDIUS ACnVITY THAT 


OT CELLS 

PEBIOD AT IS C 

WAS VIABLE 

A 

0 

278 

34 

B 

16 minutes 

726 

89 


Equal amounts of a sensitized T1 preparation were added (A) directly to a broth cell 
suspension, and (B) to a tube of plain broth to which an equal number of cells was added 
16 minutes later Each tube was sampled 6 minutes after the virus and cells had been 
brought together The final bacterial concentration in each tube was 3 5 X 10® perml 

the sojourn m broth before the ceE addition, the greater was the number of 
plaques formed on subsequent platmg A sample experunent is shown m table 
8, m which almost complete recovery had occurred after 16 mmutes A few 
experiments at higher temperatures mdicated that recovery is more rapid at 
37 C than at 15 C 


DISCUSSION 

Anderson (1948o) discovered a reversible transformation m strains of T4 
bacteriophage, the effect of which was to make adsorption impossible in the 
absence of trypotophan, and Delbruck (1948) later descnbed another T4 strain 
requirmg both tryptophan and Ca++ for adsorption The experiments of the 
present paper demonstrate a transformation which is also reversible under cer- 
tain conditions, but which blocks some step occurnng after adsorption So- 
journ m water or dilute phosphate buffer apparently converts T1 to a form 
which can be adsorbed at exactly the same rate as the parent form, but which 
cannot lyse the infected cell and produce new free virus Moreover, after ad- 
sorption the virus activity appears to be permanently lost 
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The existence of different equihbnmn states of the virus may be necessary 
for the performance of different steps of its metabohc cycle When, as m Tl 
such transformations are reversible only durmg a part of this cycle, possibilities 
arise for chemical distortion of the normal multiphcation pattern These ex- 
periments also suggest that different functions are locahzed at different sites 
withm the virus particle, smee by adjustment of the chemical environment cer- 
tam activities can be blocked while others proceed normally 

The kmetics and specificity of the Ca++ ion m controlhng the degree of sen- 
sitization of Tl remam to be mvestigated The fact that phosphate buffer 
solutions after some weeks of use sometimes lose the abihty to sensitize mdicates 
possible effects of minute quantities of ions that might be introduced as impuri- 
ties on glassware Study with highly punfied reagents of the action of a va- 
riety of ions is planned 

Behavior mvolvmg adsorption of phage without reproduction has been re- 
ported by Andrewes and Elford (1932), who found an E coh bactenophage which 
was rendered mcapable of multiplication in the presence of citrate, but which 
could still react with bacteria so as to prevent subsequent multiphcation of the 
cells, and by Luna and Delbruck (1942), who mduced a smiilar action in T2 
phage by exposure to small doses of ultraviolet hght The adsorption reac- 
tion of bacteriophage appears to be less sensitive to ultraviolet radiation or to 
an unfavorable lomc environment than other phases of its metabohc cycle 

Adams (1949) has recently studied the irreversible mactivation of E coh bac- 
tenophages occurrmg m the absence of cells in solutions of low lomc strength, 
and was led to postulate a reversible dissociation between the virus particle and 
metafile cations like Ca++ as an mtermediate step m a senes of reactions lead- 
mg to the destruction of the phage The sensitized phage desenbed here may 
be the cation-dissociated mtermediate postulated by Adams An unpublished 
previous observation has also been commumcated by Adams, descnbmg a met- 
abohc block m the reproduction of T5, produced by a lack of Ca++ ions This 
effect differed from sensitization of Tl in that it could be reversed by the sub- 
sequent addition of the Ca"*^ ion to the infected cell, but it may represent an 
analogous phenomenon 


SUMMARY 

In distilled water or dilute phosphate buffer, Tl bactenophage undergoes a 
transformation to a sensitized form that loses its abihty to form plaques if it 
IS immediately added to a suspension of host cells in broth 

This transformation can be reversed by allowmg such sensitized phage to 
recover m plam broth before the addition of the cells, in which case almost tho 
theoretical number of plaques is obtamed when the mixture is plated 

Sensitization could be prevented by CaCh m the equilibration medium m a 

concentration of 10“^ M or higher . i, i. ii. 

Inactivation of sensitized phage mvolves direct mteraction with host ce is 

and only occurs under conditions that allow adsorption of the phage e o 
of this inactivation is the same as the rate of adsorption of norma p age 
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IS concluded that sensitization produces a block in some step of the virus meta- 
bohc cycle occurring after adsorption The act of adsorption renders this trans- 
formation irreversible causmg loss of the virus activity 
The stram of T1 phage employed is not adsorbed on host cells m distilled 
water at 15 C Adsorption does take place m a solution of glucose and morgamc 
salts, and the rate is exactly the same as m broth at the same temperature 
The significance of the abihty of bacteriophage to undergo reversible trans- 
formations to forms with different metabohc properties is discussed 
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AN IMPROVED METHOD FOR THE PREPARATION OF VIBRIO 
FOETUS AGGLUTINATION ANTIGEN 

W N FLASTRIDGE, L F WILLIAMS, and JEANNE ROMAN 

Department of Anxmal Dtaeases, Storrs Agricultural Experiment Station, XJniveratiy of 
Connecticut, Storra, Connecticut 

Received for publication March 4, 1949 

The observation that Vtbno foetus can. be grown and maintained m a semi- 
sohd medium (Plastndge and Wilhams J Am Vet Med Assoc , 102, 89, 
1943 , Huddleson J Bact , 66, 508, 1948) has facihtated isolation of the organism 
from aborted fetuses and made possible limited use of an agglutination test as 
an aid m diagnosis and research (Plastndge and Williams Cornell Vet , 38, 
165, 1948) However, satisfactory agglutination antigen is difficult, and expen- 
sive to prepare by the use of a semisohd medium for growmg the cells After 
numerous experiments with hquid and sohd mediums, the foUowmg procedure 
was found to be a marked improvement over previous methods tned 

The medium is prepared by addmg 19 g of agar and 0 05 g of glutathione (not 
essential for all strains of V foetus) to 1 hter of “thiol medium” (supphed m de- 
hydrated form by Difco Laboratones) and adjustmg the pH to 6 8 The me- 
dium IS heated to dissolve the agar, tubed m 12-ml amounts m l-by-6-mch test 
tubes, stenhzed by autoclavmg, and allowed to cool m a slanted position The 
agar slopes are held m the 37 C incubator for 1 to 2 days to remove excess water 

Seed cultures are prepared by moculatmg the surface of each of several agar 
slants with four 4-mm loopfuls of the cell-containmg layer of cultures grown m 
a semisohd medium After 3 to 4 days’ mcubation at 37 C m an atmosphere 
containmg 5 to 10 per cent CO 2 , from 1 to 5 hght tan, opaque, convex colomes 

2 to 3 mm m diameter are usually seen on each slant The colonies are spread 
ovei the surface and the tubes agam mcubated as before After the second in- 
cubation practically the entire slant is covered with an abundant growth of V 
foetus 

For the preparation of agglutmation antigen, the seed cultures are used to 
inoculate either additional slants or the surface of the agar medium prepared in 
Kolle flasks One seed culture is sufficient for 8 to 10 slants or 2 to 3 Kolle 
flasks The antigen cultures are incubated m jars containmg added CO 2 for 

3 days The resultmg areas of growth on agar slants are distnbuted over the 
surface of the medium, and the cultures remcubated for 3 days If Kolle 
flasks are used, the mitial moculation is made by spreadmg half of a loopful of 
cells from a seed culture on each of four separate areas (about 2 sq cm) of the 
medium in each flask After 3 days’ mcubation the resulting growth is dis- 
tributed over a larger area (4 to 6 sq cm), and the flasks are returned to the 
incubator for 3 days After the second mcubation the growth is spread over 
the entire surface of the medium m each flask The flasks are mcubated a third 
tune for a period of 3 days After the second mcubation of agar slant cul- 
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tures, or the third incubation of cultures in KoUe flasks, the cells are suspended 
in a snmU volume of neutral fonnahnized sahne (0 3 per cent fonnahn), filtered 
through gauze, and stored in the refngerator The antigen is prepared for use 
by adding sufficient formalinized sahne to yield a density corresponding to a 
McFarland nephelometer readmg of 1 5 

The procedure described provides a means of obtainmg relatively large 
amounts of V foetus cells Antigens prepared from several old and nenly 
isolated strains have been specifically agglutmable and have shown less ten- 
dency to autoagglutmate than antigens prepared from cells grown in semisoLd 
mediums 


THERMOPHILIC BACTERIA PROM DEEP OCEAN BOTTOM CORES' 


JAMES W BARTHOLOMEW and S C RITTENBERG 
Department of Bacteriology, University of Southern California, Los Angeles, California 
Received for publication March 14, 1949 

Two cores were obtamed Core no 1 was 50 mches long and was taken 
about 10 miles off Pomt Ftnmn, California, at a depth of 2,880 feet The 
second core was 70 mches long and was taken about 30 miles off shore at a depth 
of 4,320 feet The in situ temperatures of both cores were below 10 C Mud 
samples were aseptically dissected from the mtenor of the core and stored m 
sterile bottles Withm 24 hours of collection the mud samples were plated out 
m 1 100 dilution, usmg sea water, peptone, beef extract agar The plates were 
sealed with scotch tape and placed m a 60 C mcubator for 72 hours The ther- 
mophile counts obtamed are presented m table 1 


TABLE 1 


Thermophilic bacteria per gram of core mud 


DEPTH m COEE 

COSE 1 

COSE 2 

Top (12 inches) 

800 

600 

Middle 

<100 

200 

Bottom 

<100 

<100 


Twelve of these colomes were then picked to sea water agar slants and incu- 
bated at 60 C Successful isolations were made of four cultures These four 
did not grow at room temperature, 30 C, or 37 C, but grew within 24 hours at 
60 C They consisted of large gram-positive sporefomung rods 
To our knowledge, this is the first report of thermophihc organisms from this 
environment Their presence and sig^cance m such an environment awaits 
explanation 

1 The cores studied were obtained through the courtesy of Dr ' K O Emery ^ 
partment of Geology. University of Southern Califorma, and the Allen Hancock F 

dstion 
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THE RELATIONSHIP OF BACTERIUM ANITRATUM AND 
MEMBERS OF THE TRIBE MIMEAE (DeBORD) 

WILLIAM H EWING 

Communicable Disease Center,^ Public Health Service, Federal Security Agency 

Atlanta, Georgia 

Received for publication March 14, 1949 

In several publications DeBord (J Bact , 38, 119, 1939, Iowa State Coll J Sci , 
16, 471, 1942, J Lab Cbn Med , 28, 710, 1943) described a new tnbe of bac- 
tena that were called Mtmeae The name refers to an important characteristic 
of the microorganisms, namely, their morphological resemblance to members 
of the genus Neissena Included m the tribe are three genera Mima, Her- 
ellea, and Colloides The recent description of Bacterium anitraium by Schaub 
and Hauber (J Bact , 66, 379, 1948) remmded the writer of the microorganisms 
descnbed by DeBord, and similanties between certam Mimeae and Bacterium 
anitraium were noted 

Our mterest m the Mimeae was first aroused in 1942 when bacteria siTmlar to 
those descnbed by DeBord were isolated dunng a study of suKonamide-resis- 
tant gonococcal infection in the male (unpubhshed data) Later, m Italy, 
similar isolations were made from menmgitis followmg head woimds, and from 
other sources The orgamsms were studied when freshly isolated Some of 
these cultures were later described by Deacon (J Bact , 49, 511, 1945) More 
recently we received several cultures from vanous sources that agree with de- 
scnptions of Mimeae 

Cultures of Bacterium anitraium and antisera were requested and received 
from Mrs Schaub, and a comparative study was made of these, of cultures re- 
ceived from Dr Wilham Ferguson, and of some of the cultures reported by 
Deacon 

A study of the morphological charactenstics and physiological reactions of 
these cultures reveals that they are not members of the Enierobactenaceae 
but, rather, should be classified m the tribe Mimeae (now with Parvobactenaceae 
— Bergey’s Manual, 6th ed ) As Schaub and Hauber and DeBord pomt out, the 
morphology of these microorganisms is deceivmg All agree that, when first iso- 
lated, their cultures resembled Neisseria or Pasteurella After the cultures are 
transferred a few tunes m artificial media, defimtely bacUlary forms become more 
numerous m stamed preparations In stamed smears of spinal fluid and of pus 
from urethritis, these microorganisms are easily mistaken for Neisseria 

Cultures isolated and identified by Deacon as members of the genus Herellea 
are agglutmated by Bacterium anitraium antiserum as are some of the cultures 
received from Di Ferguson Studies mdicate that there are several sero- 
types that can be separated on the basis of capsular and somatic antigens 
Heated suspensions agglutmate poorly or not at all m homologous antisera pre- 
pared with encapsulated cultures No mvestigation of the antigemc relation- 
ships of the somatic antigens was made 

* From the Enteric Bacteriology Laboratory 
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Achromobacler fischcn, mutation of, S95 
Acitnomyces boms, gradual increase m resist- 
ance to penicillin and streptomycin, 501 

— mutants, forming antibiotics, 73 
Actinomycetes, with fluctuating formation 

of aerial hyphae, 141 

Aerobacler, separation from Escherichia, 385, 
3S6 

Agglutination antigen of Vibno foetus, 
method for preparation of, 657 
Agglutinins in various Shigella cell frac 
tions, 617 

Alanme, inhibiting sporulation but not 
growth, 639 

Alpha methylglucoside fermentation, 384 
Animation in presence of AsiOj, 587 
Ammo acid requirements of Microbacienum 
lacticum, 61 

Amylase production by Bacillus subiilis, 
requirmg proteolysis, 127 
Anaerobes, cover-glass method for cultivat- 
ing and countmg, 475 

Antibiotio-formmg mutants of aotmomy- 
cetes, 73 

Antibiotic from Centaurea maculosa, 207 
Antibiotics, aureomycm, 483 
— , biocerin, 63 
— , circulm, 305 
— , penicillin, 9, 15, 63 
— , polymyxm, 12 
— , subtilm, 453 

Antibrucella factor m peptone, 1 
Antigenic factors m Proteus, 259 

— potency of the various fractions of Shi- 

gella cells, 617 

Antiseptics, see bactenostats and fungistats 
Aspartic acid decarboisylation by Rhizo- 
bium, 267 

Aureomycm, assay m blood, 483 
Avian spirochetosis, 191 
Azotobacter, mability to use hydroitylamme, 
55 

Bacillus, factors affecting spore formation, 
613, 615, 639 

— larvae sporulation, increased by pollen, 

213 

megatherium, endospore structure and 
germination, 23 

subtilis, amylase production, 127 


Bacteriophage, adsorption requirements, 
647, 653 

— , against Streptococcus lactis, electron 
nncroscope studies, 391 
— , destruction by distilled water, 648 

— Tl, transformation and reversion, 647 
Bacteriostasis, decreased by nsmg tempera- 
ture, 547 

Bacteriostatic and bactericidal effect, differ- 
ences, 547 

Bactenostats, dithiocarbannc acid denva- 
tives, 47 

Bacterium anitratum, 659 
Biocenn, antibiotic from Bacillus cereus, 63 
Borrelta ansenna, epidemic m turkeys, 191 
Bromoacetanudes as fungistats, 339 
Brucella, killed by component of peptone, 1 

Carbohydrate differentiation, by bactenal 
micromethod, 95 

— utilization, inhibited by streptomycm, 
447 

Carbon dioxide, substitution by keto acids, 
579 

Carotenoid pigments, simple test for, 409 
Cellulose-decomposmg bacteria, from por- 
cupme, 135 

Centaurea maculosa, antibiotic from, 207 
Chlamydozoaceae-like organism, causmg 
sinusitis m turkeys, 513 
Chloramphemcol, efficiency m cholera infec- 
tions, 349 

Chloromycetm, see Chloramphemcol 
Cholesterol, assimilation by Mycobacterium 
smegmatis, 377 

Chondrococcus columnans, kflled by quater- 
naries, 225 

Chromatographic method, for assay of dif- 
ferent pemciUms, 101 

Circulm, antibiotic from Bacillus circulans, 
305 

Ctostndium-fixmg isotopic nitrogen, 413 
Clostridium thermosaccharolyticum, mtrogen 
requirement, 465 

Conductivity of bacterial suspensions, 67 
Cutworm, virus disease of, 219 

Decarboxylase for aspartic acid in Rhizo- 
btum, 267 
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Desiccation of bacteria, apparatus for, 137 
575 

Detoxification of Shigella cell fractions, 622 
Di-plococcus pneumoniae, see Pneumococci 
Dithiocarbamic acid derivatives as bac- 
teriostats and fungistats, 47 
Drying, of cultures, apparatus for, 137 
— , of yeast cultures, combined with freez- 
ing, 575 

Egg-white lysozyme lysing bacteria, 489 
Electron microscopy, of Escherichia coh, 
structure and nuclei, 319 

— naicroscopy, two-component objective, 
313 

Endospore coat structure, 23 

— formation, factors affectmg, 213, 613, 615, 

639 

— germination, 23 

Endotoxin of Shigella dysentenae, smgle 
toxin theory, 629 

Erythrocyte agglutination modified by 
Newcastle disease virus, 31 
Escherichia, separation from Aero6acler, 385, 
386 

— coll, bacteriophage Tl, transformation 
and reversion, 647 

— colt, glucose fermentation by suspended 

cells, 147 

— colt, mternal structure and nuclei, 319 

— coll, mutant requiring purine, 39 

— coll, mutation rate for streptomycm re- 

sistance, 565 

Fatty acids affecting oxygen uptake, 93 
Flagella of Spirillum volutans, differing from 
Salmonella, 111 

Fractionation of Shigella dysentenae, 617 
Freeze-drying of yeast cultures, 675 
Fungistatic properties of bromoacetanudes, 
339 

Fungistats, dithiocarbamic acid derivatives 
very efficient, 47 

Galactose analysis in presence of other 
sugars, 95 

Glucose fermentation by Eschenchta coh, 
147 

Granulosis of cutworm, caused by virus, 219 

Hemophilus influenzae, antiserum cross- 
reaotmg with pneumococci, 443 

— influenzae, benefited by association with 

Staphylococcus aureus, 474 


influenzae, method for cultivation, 474 

— influenzae, mutation rate for strepto- 
mycin resistance, 565 

Herellea, genus, 659 

Hydroxylamine, not utilizable as N source 
by Azotobacter, 55 

Image contrast m electron microscopy, 313 
Influenza, see Hemophilus 

— virus pneumonia in mice, 399 
Isotopic nitrogen fixed by Clostridium, 413 

Keto acid substituting for COj, 579 
Ketoglutaric acid substitutmg for CO , 670 
Klebsiella pneumoniae diagnosis, 159 

Lummous bacteria, rate of mutation, 595 
Lyophilization, 137 
— , effect on properties of yeast, 675 
Lysozyme (egg white) and autolytic ea 
zymes in lysmg bacteria, 489 

Marme bacteria, affected by pressure, 179 

— bacteria, thermophilic, 658 
Microanalytical differentiation of various 

sugars, 95 

Microbactenum laclicum in synthetic medi 
um, 61 

Microbic dissociation, E type Shigella leas 
antigenic, 617 

Milk, quantitative determination of Proteus 
in, 266 

Mimeae, tribe of, 659 

Mineral deficiency retarding sporulation, 
613 

Mononucleosis, relation to Newcastle dis- 
ease, 31 

Mutants, separation from parent strain, 595 

— of actinomycetes forming antibiotics, 73, 

429 

Mutation, induced by ultraviolet, 695 
— , of Eschenchta coh to purme requirement, 
39 

— , of Penicilhum chrysogenum, 16 
— , of Slreptomyces giving higher strepto- 
mycin yields, 429 

— rate, of Achromobacter fischen, 595 

— rate, of Escherichia coh in streptomycin 

resistance and dependence, 665 
Mycohaclenum ranae, streptomycm-depend 
ent strains, 169 

— smegmalts assimilating cholesterol, 377 

— tuberculosis, inhibited by Nocardta ex- 

tracts, 609 
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— tuberculosis, inhibited by p aminosali- 

cylic acid, 573 

— tuberculosis, slightly affected by subtilin, 

453 

— tuberculosis, streptomycin resistance pre- 

vented by p-aminosalicylic acid, 459 
Myvobacteria, fish-pathogenic, kdled by 
quaternaries, 225 

Neisseria gonorrhoeas, transparent agar for, 
574 

Newcastle disease, related to mononucleo- 
sis, 31 

Nitrogen fixation by Clostndium, 413 

— requirements of Clostridium ihermosac- 

charolyticum, 465 

Nocardia coeliaca, antibiotic effect of tuber- 
cle bacteria, 509 
Nuclei in Escherichia eoli, 319 
Nucleic acid, antagonistic to penicillm, 9 
Nutrition pattern of plant-pathogenic bac- 
teria, 253 

Ocean, thermophiles from bottom of, 658 
Oxalacetic acid, substitutmg for COj, 579 
Oxygen uptake, aflected by fatty acids, 93 

— uptake, mhibited by streptomycin, 447 

Paper chromatographic method, to differ- 
entiate various penicillins, 101 
Para-ammosahcylic acid, inhibitmg tuber- 
cle bacteria, 573 

— acid, preventmg streptomycm tolerance 

m tubercle bacteria, 459 

— acid, substituting for p aminobenzoic 
acid, 573 

Para cresol formation by marme bacteria, 
555 

Penicillin, differentiation by chromato- 
graphic method, 101 

— , efficiency increased by degradation prod- 
ucts, 247 

— , increase in mutants of Penicillium chry- 
sogenum, 15 

— , mcrease in resistance by Actinomyces 
boots, 501 

— , mode of action through enzyme inhibi- 
tion, 9 

— , uptake by bacteria, not by yeast, 415 

— G, concentration in serum after injection, 

119 

Penicillium, producing sulfur-containmg 
compounds, 405 

— chrysogenum, variation and mutation, 15 


Peptone containmg compound toxic to 
Brucella, 1 

Pendroma margantosa, virus disease of, 219 
Periodic acid m microbial stainmg, 163 
Phage, see Bacteriophage 
Phagocytosis, and number of bacteria, 606 
— , increased by surface-active agents, 603 
Phase microscope to demonstrate virus m- 
clusion bodies in cells, 297 
Phenol, production by manne bacteria, 555 
Phenol-bile effect on Escherichia and jlcro- 
bacter, 385 

Phosphorescent bactena, rate of mutation, 
595 

Phosphorolysis of sucrose by Pseudomonas, 
423 

Phytopathogenic bacteria, nutrition of, 253 
Plant-pathogemc bacteria, nutrition of, 253 
Pleuropneumomalike colomes from Proteus, 
529 

— organisms, medium for, 473 
Pneumococci reacting with Hemophilus in- 
fluenzae antiserum, 443 

Pollen mcreasmg sporulation of Bacillus 
larvae, 213 

Polymyxin, mode of action similar to peni- 
ciUm, 12 

Polysaccharides m cells, detected by sodium 
periodate, 163 

Porcupme intestme containing cellulose- 
decomposmg bacteria, 135 
Potassium important for sporulation, 613 
Precipitins m various Shigella cell fractions, 
617 

Pressure, influencing bacterial growth, 179 
— , retardmg death by heat of spores, 353 
Proshigella, 636 

Proteolysis accompanymg amylase forma- 
tion, 127 

Proteus, changmg to L form with pemciUin, 
529 

— rettgen, serological study, 259 

— species, selective medium for, 266 
Pseudo monos, serological study of the genus, 

269, 

— harveyi n sp , 559 

Purine requirement for Escherichia coli ob- 
tamed by mutation, 39 

Quaternary ammonium compounds, toxicity 
to fish and bacteria, 225 

Radiation, killmg by production of cell 
poison, 363 
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Recovery from ultraviolet u-radiation, 363 
Rhtzobium decarboxylating aspartic acid 
267 

Ribonucleate dephospborylation inhibited 
by pemciUin, 9 

Salmonella canoga n sp , 135 

— oramenburg, transformed to Salmonella 

montevideo, 387 
Shigella, nomenclature, 633 

— dysentenae, antigenic differences between 

S and R, 617 

dysentenae, antigenic potency of various 
fractions, 617 

Sdica gel plates, new method for, 383 
Smusitis in turkeys, 515 
Spirillum volutans, flagella. 111 
Spirochetosis in turkeys, Borrelia ansenna, 
191 

Spores, see Endospore 
Sporulation, increased by shaking, 615 
— , independent of growth, 613, 639 
— , of aotmomycetes fluctuating, 141 
— , of bacilli inhibited by mmeral deficiency, 
613 

— , of Bacillus cereus increased by glucose, 
639 

— , of Bacillus larvae, 213 
Staphylococcus aureus stimulating Hemo- 
philus influenzae, 474 

Sterilization, by ultrasonic waves, incom- 
plete, 279 

— , of spores by heat retarded by pressure, 
353 

— , of spores by urethan retarded by pres- 
sure, 359 

Streptococcus laclis bacteriophage, electron 
microscope studies, 391 
Streptomyces gnseus, increased streptomy- 
cin production from mutants, 429 
Streptomycin, dependence of Mycobactenum 
ranae, 169 

— , increase in resistance by Actinomyces 
boots, 501 

— , increased production from mutants, 429 
— , inhibiting carbohydrate utilization and 
oxygen consumption, 447 
— , resistance changes due to mutation, 565 
— , resistance in tubercle bacteria prevented 
by p-ammosalicylic acid, 459 
Structure of Escherichia coli by electron 
microscope, 319 


Subtilin, inhibiting tubercle bacteria 
slightly, 453 

Succinic acid synthesis by Eschenchta coh 
147 

Sucrose phosphorylase m Pseudomonas 
pulre/aciens, 423 

Sugar, differentiation by micromothod, 95 
Sulfur-oontaining metabolites of molds, lOa 
Surface tension affecting phagocytosis, G03 

Thermophilea from ocean bottom, 653 
Thermophilic cellulose-decomposing bac 
teria from poroupme, 135 
Tobacco mosaic virus, particle size changed 
by wasbng, 131 

Toxicity of various fractions of Shigella, 619 
Transamination in presence of AsjOj, 587 
Triton N-lOO increasing phagocytosis in 
VIVO, 607 

Trypanosoma cruzi, medium for cultivation 
of, 265 

Tuberculostatic action of Nocardta extracts, 
509 

— effect of subtilm weak, 453 

Turkey epidemics by Borreha ansenna, 191 

Ultrasonic waves producing incomplete 
sterilization, 279 

Ultraviolet irradiation, recovery from, 303 
Urea derivatives, inhibiting Eschenchia 
colt, 477 

Urethan, accelerating spore sterilization, 
359 

Vibno foetus, new method for antigen prepa- 
ration, 657 

Virus, of tobacco mosaic, particle size 
changed by washing, 131 
— , see also Bacteriophage 

— disease of cutworm, 219 

— inclusion bodies m tissues, 297 

— pneumonia in mice, 399 

Vitamm requirements of Microbactenum 
lacticum, 61 

Yeast, cultures altered by lyophilization, 
575 

— , failure to take up penicillin, 415 
— , growth requirements, 235 
— , test for carotenoid pigments in, 409 
— , yields in synthetic media, 235 
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^\lth K pncumoiuac The jeast was somewhat moie resistant to disruption b\ 
ultrasomc waaes than was K pneumoniae 

Election micrographs of K pneumoniae and S cerciisiae showed the niptured 
cells and cell walls 

Miijagawanella fehs (the agent of feline pneumonitis) was inactnatcd h\ 
ultrasomc energy' aftei 20 minutes’ treatment .\n increase in the amount oi 
agent was obsened after 10 minutes’ treatment, probably due to the dispen^on 
of aggiegates of the element ar}^ bodies 
Ultrasonic energy also inactn ated influenza \ irus A (PRS strain) 

In none of the ultrasomc expenments conducted were 100 per cent of the cells 
or virus destroyed 
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